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1. EXECUTIVE SUMMARY 


1.1 Background Purpoae 

On-site fuel cell power systcns offer substantial energy savings benefit 
to the public and uncertain benefits to the building developer or owner. 
On-site electric power generation reduces transmission and distribution 
losses and in the case of the fuel cell, provides suxiliary useful ther- 
mal energy for heating, cooling and ventilation building functions. The 
benefits that the fuel cell owner (building developer, utility, private 
leasing company) would realise st«a from the net revenues generated by 
the fuel cell. These revenues are dependent on the capital costs and 
system performance of the total integrated on-site fuel cell system. 

This study focuses on the net beineflts of an Integrated fuel cell on-site 
power system as affected by the balance-of-plant equlpmmt. Heating, 
cooling and ventilating equipment used in conjunction with the fuel cell 
to meet the necessary building demands can change the net revenues of 
the systems substantially. Over 100 system configurations were studied, 
annual operating performance, energy costs, capital costs and operating 
and maintenance costs were predicted using a computer program developed 
expressly for this project. Technical and policy alternatives were re- 
commended that could improve the economics and competitive pjsture of 
on-site fuel cell power systems. 

The work In this project was conducted by Arthur D. Little, Inc. with 
engineering support from R. G. Vanderweil Engineers and financial coun- 
sel from Urban Investment and Development Company. 

1.2 Building and Fuel Cells Selected for this Study 

Two buildings weie selected by NASA-Lewis for this study as well as three 
types of fuel cells. Characteristics of the building and fuel cells 
were provided by NASA-Lewis to Arthur D. Little. A 112,000 sq.ft, gar- 
den apartment consisting of four buildings, each with twenty-four iden- 
tical units was used as well as a retail store with about a 80,000 square 
foot floor area. The three fuel cells used in this study were applied 





to each of the buildings and balance-oC-plant components were selected 
to match the particular qualities of the fuel cell. The fuel cells are 
characterized as followa: 

e Fuel Cell A - air cooled, near term technology 
e Fuel Cell B - liquid cooled, present technology 
e Fuel Cell C - liquid cooled, advanced technology 

Heating, cooling ventilation equipment designed by R. G. Vanderveil to 
meet the load requirement for the buildings were used in this study. Sys 
tern diagrams like the one in Figure S-1 were developed for analysis by 
a computer model that was used throughout the study. The model simulates 
the component interactions of the HVAC equipment under operations to meet 
the desired building load. While standard HVAC components were used in 
the model of the conventional (without fuel cell) system, additional 
HVAC components were needed for the future design work with fuel cells. 

R. G. Vanderweil developed a broad component data base of heating, ven- 
tilation and air conditioning equipment that could be used in conjunc- 
tion with fuel cells. Included in this data base are the following 
major elements: 

s electric chillers (centrifugal and reciprocating) 
e absorption chillers 
s gas boilers 
e oil boilers 
s electric boilers 

e heat exchangers (steam/water , water /water) 
e pumps 

s thermal storage tanks 
s cabinet heaters 
s air handling units 
s cooling towers 

The component data base which can be found in Volume II, contains perfor- 
mance and cost data for all these components in a form to be compatible 
with the computer model of the system. In additim to conq>onent data, 
there are sub-systems consisting of common groupings of discrete compo- 



FIGURE S-1 






n«nts. It was found necessary to develop these sub-systems so that inter- 
connecting controls and pumps could be specified. 

Contained in the computer model arc cost data necessary for estimating 
the installed and operating costs of the HVAC system. As the user spe- 
cifier components, the model sums the installed capital cost and with 
the predicted aimual performance is ^le to provide complete system per- 
formance data as shown in Table S-1. 

1.3 System Economics 

Components were selected to work in combination to fully utilize the 
thermal energy from the fuel cell as it is required to meet the base 
electric demand. As numerous system trials were to be run it was clear 
that a figure of merit would be needed to guide the component selection 
process. NASA-Lewis recommended the levellzed annual cost as the figure 
of merit and provided background material on the formulation of this 
quantity. The levelized annual cost is similar to a life cycle cost 
which includes the capital cost, Interest rates of borrowed capital, 
depreciation and tax allowance, operating costs, and energy costs. Le- 
velized annual costs were developed for over 100 system designs and are 
reported in Volume II, Section 3. The levelized annual cost (LAC) would 
only serve as a figure of merit for comparing similar systems to one 
another and that the economic feasibility of the project would have to 
be determined by the potential fuel cell owner (utility, building devel- 
oper, leasing company) in a method consistent with the way they do busi- 
ness. Building developers would base their decision on a cash flow 
analysis and an internal rate of return calculation. These financial 
measures were developed for the first promising systems (lo%rest LAC) 
and are given in Tables S-2 and S-3 for the residential and retail build- 
ings. ML costs are in 1978 dollars. 

The screening of system designs based on levelized annual cost is strongly 
influenced by the economic assumptions used in the LAC formulation. Key 


TABLE S-1 

CONVENTIONAL HVAC SYSTEM PERFCMMANCE 
(All Values Except Capital Cost are Annual Costs) 
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RESIDENTIAL SUMMARY 




LEVELIZED 




•conomlc parowcer* UMud wrot 


• 20Z bafotc tax coat of capital 

a .62 par yaar alactric aacalatlon coat 
a 2.4Z par yaar gaa aacalatlon coat 
a Fual call coata of $350 to $500 par KH 

Tha Inpact of tha aconoalc aaauaiptiona can ba aaan in Tabla S-4. A ra> 
duction In tha coat of capital to 15Z (cloaer to tha prlna landing rata) 
will draaMtically affact tha LAC; asking two of the apartaant ayacaaa 
(Fuel Cell A and C) coo^atitlve with a conventional gaa ayatea. A 25Z 
reduction in fuel cell coata haa about the aaiae effect and can make 
apartoMnt ayateaM with Fuel Cell A and C attractive. 

Theae reaulta denK>natrate the iaportance of developing conalatent and 
credible fuel cell capital coata for feaaibility analyais. tn addition, 
attention ahould be given to qualifying the fuel cell ayatea for conven- 
tional coaaMrcial loana at or near the prime lending rate (leaa than ISZ), 
by convincing the financial coaaHinity of the deannatrated reliability 
and fuel coat aavinga of the on-aite fuel cell ayatea. Projectiona of 
gaa and electric eacalation ratea ahould be updated and incorj'orated In 
future atudiea. 

1.4 Coaponent Analyala 
1.4.1 Senaitivity Analyaia 

The effect of coaponent aelection of the two key aeaaurea of perforaance: 

e Energy Coat Savinga 
e Levelized Annual Syatea Coat 

wan examined in a aenaitivity analyala. Table S-3 auaaarizea the effect 
of conqionent aelection on energy coat aavinga and Table S-6 glvea the 
effect on levelized annual coat. 
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PERCENTAGE ANNUAL ENERGY COST SAVINGS 
(Savings are Positive) 
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lOOZ of cooling is met by the auxiliary boiler and absorption chiller. 


PERCENTAGE SAVINGS IN LEVELIZED AMHUAL COST 
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1.4.2 fuel Cell 


Though its i^>act la dapandent of the type of financing and ownerahlp, 
the fual cell power plant coat la the alngle iDoat Important component 
cost In determining the attractiveness of on-alte fuel coll systems. 

The average (50KW) fuel cell power plant Installed cost is between $16,(H)0 
and $23,000 ($300 per kilowatt) In the systems analysed In this program. 
Today's prototype unit costs are estimated to be approximately 1,500 
dollara per kilowatt representing a substantial challenge to reduce the 
fuel cell unit costs. Achieving the fuel cell power plant cost levels 
projected for the future should be considered a priority program goal. 

In addition, reducing the added operating and maintenance cost of $10,500 
per year for the fuel cells would have a substantial effect on the an- 
naul operating cost (about $50,000 per year) of the system, particularly 
when load leveling thermal or electric storage Is employed which reduce 
the installation capacity requirements but raise the operating and main- 
tenance cost which are based on developed KWH. 


In general, Fuel Cell C (all steam, advanced technology) is preferred 
because of its lower cost and higher overall efficiency (Tabic S-7). 
However, it Is limited to a lOOKW module minimum and this is a distinct 
disadvantage in a stand-alone system where redundancy is required. Fuel 
Cell C also has the highest outage rate. These two factors combine to 
cause the systems with Fuel Cell C to require about 46Z higher capacity 
than the other fuel cells in the apartment, which are available in more 
optimal 20KW modules. Fuel Cell A, the next lower cost type then be- 
comes the best choice for the apartment which does not require steam for 
the chillers. We recommend further attention be given to the development 
of lower minimum module sizes for the advanced fuel cell when designed 
for stand-alone systems requiring redundancy and to lower the forced 
outage rate to that of the other fuel cells. 


The disadvantage of large module sizes of Fuel Cell C is offset by the 
demand for steam in the retail store and unlike the apartment. Fuel Cell 
C Is the choice for the retail store. 
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TABLE S-7 


FUEL CELL CHARACTERISTICS 


CHARACTERISTICS 

TYPE A 

TYPE B 

TYPE C 


Near Term 

Current 

Advanced 

Status 

Technology 

Technology 

Technology 

Minimum Module Size, KW 

20 

20 

100 

Maximum Module Size, KW 

300 

300 

500 

Maximum Delivered Water Temperature 

98.9‘’C 

(210*F) 

71"C 

(leO^F) 

-- 

Maximum Delivered Steam Pressure 

- 

515KPA 
(60 pslg) 

515KPA 
(60 psi 

Module Forced Outage Rate, Percent 

3 

3 

5 

O&M Cost, Mils/KW-HR 

6 

6 

6 

Module Cost Constant, C^* 

420 

615 

463 

Cost, S/KW 

Minimum Module Size 

340 

503 

336 

Maximum Module Size 

282 

413 

300 

Full Load Efficiency, % LHV 

Total 

83 

75 

84 

Electrical 

37 

37 

46 


.53 

purchased Price C ■ Cq'kW 

Where C - Purchase Price (1978 Dollars) 

KW - Module Size 
Cq * Tabulated Constant 
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Cooling fans a'e integral to the fuel cell and manage wante heat noi 
used by the HV^ system. These fans and motors add cost to the fuel 
cell both iis purchased parts and as they require additional cabinetry 
and mounting hardware. Based on our analysis we reconnend that further 
studies consider allmlnating a fraction of these cooling modules as they 
may be redundant with cooling tower capacity. During high thermal de- 
mand periods the cooling modules are idle and during low thermal demand 
periods there Is probably spare HVAC cooling tower capacity to handle 
some of the fuel cell load. 

1.4.3 Building Selection 

Buildings such as the garden apartment with relatively high domestic 
water usage and flat load profiles are more conducive to stand-nlone 
fuel cell applications than buildings such as the retail store which 
is dominated by high non-steady cooling demands. Other buildings such 
as : 

e Hospitals 
e Restaurants 
e Fas Food Stores 

# Central Kitchens 

# Food Preparation Centers 

• Factories 

• Process Applications 

e Food Processing Plants 

may be even more attractive applications. 

Selection of appropriate buildings for on-slte fuel cell system should 
be predicated on the basis of the quantity and temperature of thermal 
energy and the steadiness of the thermal and electric loads. We recom- 
mend that a figure of merit be developed reflecting these measures of 
adaptability In fuel cell systems. The approach we recommend Is to hypo- 
thesize generic load profiles that characterize major building types 


and cast Cha syacen performanca of cha building in tha aysteB conputar 
nodal. A sariea of thermal and electric relations can be developed 
irtiich point to cha best type of buildings for on-sica fuel cell systaas. 

1.4.4 Thermal Storage 

Large central thermal storage for space conditioning should be consi- 
dered when the building load is dominated by a non-steady functim such 
as space cooling. Though the store requires about twice the installed 
fuel cell capacity as the apartment, (about 700KW versus 400KW) the 
optimum size of thermal storage for the retail store is about 100 times 
greater than in the garden apartment due to the non-steady nature of 
the building load for systems without electric grid connection. The 
amount of thermal storage needed is likely to change if grid connection 
is provided. 

This study clearly indicates that cool water thermal storage is prefer- 
red over high temperature storage for the absorption chillers indepen- 
dent of remainder of the system. Cool storage ($52,000) can reduce the 
absorption chiller capital cost in the store by about $36,000 and the 
fuel cell size by $38,710 saving a net of $23,000 of capital equipment. 

Although improved thermal storage insulation would further reduce fuel 
consumption it would not appear to be an area needing attention. Fully 
eliminating thermal storage Jacket losses for the large 378,540 liters 
has the effect of reducing the levelized annual cost. 

1.4. 5 A bsorption Chillers 

For nearly all of the systems considered in the retail store, an opti- 
mum partitioning of lOZ absorption chiller capacity to 90Z electric 
chiller capacity was indicated. This arises from the amount of waste 
heat available, the difference in chiller capital cost per ton and the 
large difference in COP between these two units. 


No abMrptioo chlllora war* Indlcatad for tha iMpartaant. The available 
ate4M Muid ba beat uaad to Mat tha ataady* high doMatic hot water 
denand. 

Improving abaorption chiller efficiency at no change in cost will save 
between $17,000 to $34,000 in levelised annual cost (LAC). Achieving 
the higher COP levels of advanced absorption chillers will benefit fuel 
cell Hystaas «id is strongly encouraged. 

A substantial part of the chiller cost is in the cooling tower and this 
cost could possibly be decreased slightly through system integration 
with the heat rejection equipment contained in the fuel cell. Ry judl- 
clovjs system design, tha absorption chiller and fuel cell could share 
the same heat rejection cooling tower equipment and reduce installed costs. 

1.4.6 Auxiliary Boile rs a nd Air-to~Water Heat Pumps 

Auxiliary boilers can reduce the levelised annual cost when there is 
substantial hot water or heating demand in excess of the thermal dis- 
charge of the fuel cell when meeting the base electric load. Operation 
of the auxiliary boiler to power an absorption chiller to displace elec- 
tric demand for operating the electric chiller is not indicated to be 
cost effective. The problem with this approach lies in the capital 
cost of absorption chillers and not in the auxiliary boiler. The addi- 
tional Installed absorption chiller capacity to be powered by the auxi- 
liary boiler and fuel cell is a substantial capital cost item and offsets 
the minor cost savings from reducing installed fuel cell capacity. Auxi- 
liary boilers should be considered when there is a substantial heating 
demand beyond the thermal energy available from the fuel cell to meet 
the base electric plus chiller demands. 

Air-to-water heat pumps were not Included as a balance-of-plant compo- 
nent because it was felt that they offered no intrinsic advantage to the 
fuel cell based system and as such would benefit the conventional build- 
ing equolly. This argument can be justified in light of the effect of 


the auxiliary boilar on the ayaten. The heat puap aaaantlally off era 
a vary high heating efficiency to both the conventional and fuel cell 
ayatea. There ia aufficient hot water and ataaa generated by the fuel 
cell for heating to sake the heat puap energy aavinga contribution rela- 
tively inaignif leant. The prinary function of the heat punp would be 
In the cooling node where it would have to cMtpete with a low coat high 
efficiency electric chiller aupported by an abaorption chiller aiaed to 
use waate heat fron the fuel cell. Subatituting a heat puap for an op- 
timized electric/abaorption chiller conbination la likely to Increaae 
the levellzed annual cost of the fuel cell based system and reduce the 
levelized annual cost of the con- entional system. Confirmation of this 
argusMnt should be undertaken as part of future studiea. 

1.4.7 Battery Storage 

Battery storage (at $50 per KWH) for stand-alone on-site fuel cell sys- 
tems offers a reduction in levelized annual cost. Some of the battery 
storage benefit is offset by the fixed charge (baaed on KWH output which 
is not reduced) for the operating and maintenance cost of the fuel cell. 
Though the net system capital cost reductions range from $9,000 to $36,000 
(including the added $50,000 for battery storage), the fuel cell opera- 
ting and maintenance (0/M) charge Increases range from $1, 765/year to 
$2, 170/year based on the present technique for estimating fuel cell 0/M 
costs as a function of delivered KWH. These charges should be changed 
to reflect the benefit of load leveling on operating/maintenance costs 
for the fuel cell. 

If there is a necessity to maintain the stand-alone power plant feature 
(no electric grid connection) then battery storage integration with the 
fuel cell power plant should be considered. Efforts should be directed 
at developing shared electric control panels for the battery and fuel 
cell, and Che effect of battery storage on fuel cell operating and main- 
tenance costs should be examined. More refined battery installation 
costs should be developed for this specific application. 


1.4.8 Auto— t«d En«ray ManaBW nt Svt 


AutoMt«d Enargy ManagWMmt Systema (AQtS) siMuld b« considered for all 
fuel cell sppllcetions. Typically* an ASKS systaa will cost from $5,000* 
$30,000 dapandlng on ctw nuabar of davlces It wist control, and It will 
provide: 

a Peak load shedding 
a OptlsMl start/stop of HVAC aqulpsMnt 
a Enthalpy controlled ventilation 

The peak load shedding Is done on a predetenained priority use basis 
and can substantially reduce the peak electric deaund. A conventional 
HVAC system would benefit from load shedding by reducing the dea^nd 
charge but the net savings would probably not be as snich as the on-slte 
fuel cell system. In this study, no desMnd charge was autde against the 
conventional system and the net effect of an AEMS would be the substM- 
tial capital cost savings to the fuel cell system, as the conventional 
and fuel cell systems would probably benefit equally from the optimal 
start/stop and enthalpy control functions. If the AEMS system could 
limit the apartment to a 200KW base load (System 8AA) a $68,000 savings 
in fuel cells could be achieved. 

We recommend that a study be conducted with AEMS/ fuel cell systems ac- 
counting for the demand charge on the conventional systems. We regard 
this as a high priority recomswndation ao it could substantially improve 
relative fuel cell economics. 

1.5 Business and Policy Recommendations 
1.5.1 Ownership and Financing 

Power plant ownership is a central question to the future of fuel cell 
utilisation. Ownership could be in the hands of a number of entities 
not limited to the following: 

a Cas and/or Electric Utility 
e Building Owner (if not the Developer) 


• Developer 

e Separate Leesing Corporal 1(H) 

The ownership will effect many of the aspects of the system Including 
the Issue of utility grid coimcctlon and financing of the power plant 
as discussed In this and the following sectl(Hi. 

1.5.2 Utility Ownership 

The fuel cell power plant could be owned by the local gas or electric 
utility and along with potential benefits a nusdier of complex issues 
arise. The TAiUSET (Ten to Advance Gas Energy Transformation) project 
Identified gas utility ownership as the superior ownership alternative. 

Utility ownership may broaden the financing options to the builder and 
would certainly lower the capital investment requirement of the building 
owner. Tlie utility would gain revenues from the operating and malntun- 
ance as the rental Income of the equipment. However, these advantages 
may be offset by other business considerations: 

e Electric grid backup 
e Revenues to the builder (5.3.3) 

Gas utility power plant ownership makes electric grid connection backup 
arrangements unclear. The public policy and financial user Implications 
of such an arrangement should be Investigated. 

A grid connected electric utlll*.y owned fuel cell power plant concept 
was examined by Westinghouse [Reference 11] In which 10 different stra- 
tegies for load shedding were considered. Their findings Indicate that 
a grid connected fuel cell system will benefit the electric utility If 
on-slte generating strategies are employed that Improve the utility load 
'actor. 

Alternatively the utility could retain ownership of the fuel cell and 
lease it to the developer. In this arrangement the developer could be- 
nefit from the control of the power plant but would not take the same 


l«v«X of rloka (••• Soctiim 1.5.4 - Riaka) aa an ownar. Ona araa of 
concern to the davalopar la tlw long-taia availability of natural gaa 
naadad for the fual call. Tha uncartalnty of natural gaa aupply and 
coat couplad with futura ragulctlona aattlng tha priority of gaa uacra 
tiakea an invaataant In the fual call a high rlak undertaking, tnauva* 
tlva laaalng arrangaaanta could abate aoaa of thaaa riaka. 

1.5.3 Developer Qimarahlp 

The developer could oim the power plant (the fuel cell aodulea cost 
leaa than 30X of the HVAC capital cost and are a nuch saaller fraction 
of the entire building project) and work the operating coat and capital 
charge Into the rert baaia of the building. The developer would aaaeas 
the coat of the pJ.'int, add a profit and co^>are thla charge to the lo- 
cal electric utility charge. If the fuel cell coat plus overhead and 
profit are eosipetlclve then this would be part of the advertised rent 
base when space Is being sold. While the developer aaist perfore the 
financial analysis, a reliable and relevant set of flnmclal data must 
be made available. Thla should be a principle function of future fuel 
cell developoent work. 

1.5.4 Risks 

The developer views the risk of a fuel cell based power plant In Its 
effect on the entire building project. If the fuel cell falls It would 
threaten the entire project affecting tens of nlllions of Investisent 
dollars. Until the fuel cell Is shown by denonstration to be totally 
reliable a developer would require a cooplete backup capability - full 
power grid connection. This trould greatly reduce the attractiveness of 
the system since the utility would charge a substantial monthly stand- 
by charge to the project. 

Increased liability Insurance could result from the fuel cell Instal- 
lation even If the fuel cell Is technically as safe as a conventional 


boilar. Th« inctamsad coat coaas from tha llaitad hlatorieai expari- 
enca with fuel call inatallatlona %diich la likaly to cauaa inauruca 
conpanlas to view the equipaant aa a hl^ar thn nonal risk. 

Another risk identified aarllar la the avall^lllty of fuel. Thin can 
be BOtteifhet altlgeted ee tha aeiltl-fual c^eblllcy of the fuel cell la 
expanded. However, In the near term, the dependence on natural gee 
ralsae the rlak of aupply interruption. 

Finally, developere are expoaed to the riek of not negotiating aatla- 
factory electric grid backup with electric utilitiea that are not alao 
providing the natural gaa. 

1.5.5 DOE Policy 

The Department of Energy policy regarding 40KW on-aite fuel cell aye- 
tens will have e direct bearing on most of the issues identified. The 
questions of fuel cell development and balance-of-plant cooq>onent devel- 
opment can be accelerated with DOE involvement and sponsorship of pro- 
grams. Fuel cell ownership, particularly with utility ownership, will 
Involve DOE regulatory decisions of considerable importance. Govern- 
ment tax incentives could make private ownership of fuel cell power 
plants more inviting to the developer or building owner. Government 
support to utilities or private companies that would own and operate 
the power plants for the building owner should also be considered. 

These areas will require additional analysis before a firm policy recom- 
mendation could be developed for DOE. 

DOE should establish a clear, long term fuel supply scenario for the 
fuel cell. The firnr generation fuel cell will be based on high pri- 
ority natural gas which is likely to cause any investor great concern. 

Commercial building developers have confronted the complex and volatile 
issue of natural gas availability for a number of years and are reluc- 
tant to make large capital investments in equipment with a 30 year life- 
time which is dependent on a specific fuel source with an uicertain future. 
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DOB Buat offer the inveetor • roMoneble level of e«euricy that fuala 
adequate to power the fuel cell will be available for the near future. 

Lastly, a field daaonatration of 10 to 100 larte projecta ualeg on-aite 
fuel cell la needed. A developer or inveetor requirea proven reliabi- 
lity and fuel coat aavinga before they would auppoirt a fuel cell inatal 
lation. 

1.6 Suamary R econaie ndatione 

The following aection highllghte the key technical, financial and pollc 
recoMMndatioPt derived in this atudy. Most of these recosssendat Ions 
arc diacussed In detail in the foregoing section, none are corollaries 
or extensions and are presentml without further developnent. 

Fuel Cells 

t Concentrate on the developnent of accurate installed coat 
projections for the fuel cells. 

e Develop cost saving designs by sharing housing facilities, 
controls and cooling towers with the BOP components. 

e Continue to develop advanced stean source fuel cells and tar- 
get lower nlnioKia nodule sice (to the 20KU’ 1 tvcl) for appli- 
cation in stand-alone systems requiring redundancy. 

Building Selection 

e Examine internal rate of return for fuel cell systeau In a 
nuaber of building types in different clinatic sones. 

e Develop a figure of aerit reflecting: building therasl to 
electric load ratio and steadiness of load for use In selec- 
ting appropriate sites for fuel cells. 


Auxiliary Boilers 

• Auxiliary boilers are not Indicated as beneficial for any 
system. 

Automated Energy Management Systems (AEMS) 

a Conduct a study with an AEMS/fuel cell system in comparison 
with a standard building with an AEKS unit. 

Battery Electric Storage 

a For stand-alone systems requiring reliability comparable 
to grid connected system, battery storage may be beneficial. 
More accurate battery/system costs should be developed. 

Heat Pumps 

a As alr-to-water heat pumps gain in market acceptance and 
become an accepted element of standard building, HVAC 
systems, the alr-to-water heat pump should be factored 
into the fuel cell system. 

a Evaluate the comparative levellzed annual cost of alr-to- 
water heat pumps for both fuel cell and conventional systems. 

Thermal Storag e 

a Thermal storage for domestic hot water is necessary and can 
be met with minimal volume. 

a Large central cool storage should be considered for all 

buildings dominated by the cooling load. Hot storage (pres- 
surized) for absorption cooling is not recommended. 

a Techniques for properly sizing thermal storage should be 
developed. 


t Improved Insulation technology la not necessary. 


Absorption Chillers i 

e Extreme care should be given to the proper sizing of the 
absorption chillers - electric chillers ratio. 

e Develop high efficiency absorption chillers (1.8 KW/ton). 

e Absorption chillers are not recommended for all systems. 
Apartment cooling loads are best met with electric chillers 
only. 

Fuel Cell Ownership 

e Develop meaningful financial criteria to determine the 
desirable ownership strategy based on real building devel- 
oper /builder business goals. 

e Develop cost/benefit analysis of different ownership sce- 
narios with wd without electric utility grid connection. 

Financing Recommendations 

• Focus efforts on qualifying fuel cell system for conven- 
tional commercial loans at or near the prime rate (less 
than 15%). 

• Develop grid connected system economics considering: 

- fuel cell redundancy 

- full backup 

• Evaluate cash flow In seve.al locations using local gas and 
electric rates and develop a system portfolio designed for 
the building developer. 

• Develop consistent and credible fuel cell Installed costs. 


2 . BACKGROUND AND PURPOSE 


2. 1 Benefits 

Fuel cells, like other on-site power generation systens offer the poten- 
tial for substantial energy conservation. Fuel cell power plants elec- 
trochestically convert fuel such as pipeline gas, coal gas, or liquid 
gas directly into electricity and heat. The fuel cell consists of three 
major subsystems: a fuel processor to clean and convert the fuel to hy- 
drogen and carbon dioxide, a cell stack to elect rochemically convert 
hydrogen and oxygen to direct current electricity, and an Inverter to 
change this electricity to alternating current. By eliminating some 
distribution and transmission losses the fuel cell m‘?y deliver electric 
power at a higher net efficiency than central power stations. More 
Importantly, waste heat from the electric power generation can be used 
on-site for comfort conditioning of the building substantially improving 
the energy utilization of the fuel cell. 

Prototype and demonstration work on fuel cells has concentrated on using 
natural gas as the primary fuel though the fuel cell has a multi-fuel 
capability. Coal derived gaseous and liquid fueld (including methanol) 
look promising and usage, therefore, like the central power plant, the 
on-site fuel cell power system has fuel switching capability and there- 
fore offers additional advantages to the nation. 

2.2 Past Design Work 

Most* of the on-site fuel cell power systems work to date has been con- 
ducted by the United Technologies Corporation under sponsorship of the 
gas utilities in the TARGET (Team to Advance Gas Energy Transformation) 
Program. In that study 35 test sites were equipped with 12.5KW fuel 
cell power plants. [Ref.l] Attention was given to the annual perfor- 
mance and maintenance and the on-site fuel cell system. Deficiencies 
in fuel cell power plants were identified. Little attention was given 
to optimizing the HVAC equipment to the fuel cell characteristics on a 
buildlng-by-bulldlng basis. 
it 

A 4KW experimental fuel cell power plant was tested by Columbia Gas 

Systems in 1966 prior to the TARGET program. 


A new field test to establish operational feaslblliltty 1 h prostMitly 
underway. With GRl/UOE in sponsorship, utilities arc particlpatlnn in 
the planned test of about 50 power plants (each 40KW) in about 25 sites. 

Resource Planning Associates, under contract to GRl and Oak Ridge National 
Laboratories assessed the market potential of on-site fuel cell power 
systems and examined the performance of fuel cells in a variety of build- 
ings. The simulations did not consider the alternative system perfor- 
mance and capital cost of optimising heating, ventilation and air condi- 
tioning equipment to match the fuel cell performance to the specific 
buildings under consideration. A similar study by Mathtech was conduc- 
ted identifying two specific buildings for fuel cell analysis. The Math- 
tech Study examined three types of fuel cells and their characteristics 
in the building energy systems. 

Under contract to NASA-Lewls, Westlnghouse Electric Corporation has 
studied the effects of utility grid connection on the cost effective- 
ness of on-site fuel cell power systems in specific building applica- 
tions. Their findings show enhanced annual performance with grid con- 
nection. 

Key elements of past work on on-site fuel cell power systems for resi- 
dential and commercial buildings can be characterized as follows: 

e Fixed HVAC equipment - studies concentrated on the effect of 
other system characteristics than the HVAC design to match 
the fuel cell to the building. 

e Fixed building - building type selected for optimal fuel 
cell-HVAC system design. 

e Fixed fuel cell - studies centered on a single fuel cell type. 

e Performance - system performance analyzed without estimation 
of the capital coat and payback. (An economic evaluation was 
performed by Arthur D. Little for NASA (Ref. 3] on Industrial 
Applications of Fuel Cells). 


2.3 PurpoM and Scope of Work 

Th« purpose of this study is to evslusts tlM iapsct of svsilsble end 
soon-to>be-Bvsilsbls hosting, vsntilstion end sir conditioning coopo- 
nents on the psrfonutncs end cost of on-sits intsgrstsd fuel cell sys- 
t«w, end to identify policy end technicsl sltemetives thet could im- 
prove the economics and cosq^etltive posture of these systems. To ac- 
complish this, a program tias developed under contract to NASA with the 
principal tasks shown schoutically in Figure 1. 

Arthur D. Little was the prime contractor with: R. G. Vanderwell Engi- 
neers and Urban Investment and Development Company serving as subcon- 
tractors. Vanderwell developed the HVAC component data base and sup- 
ported the system definition work. Urban Investment guided the finan- 
cial analysis and provided Insights Into the coas^rclallcation of fuel 
cells from the developer viewpoint. Urban Investment Is a large commer- 
cial building developer with assets in excess of $800 million dollars. 

R. G. Vanderwell Is a well known mechanical engineering firm with years 
of HVAC design experience. 

In Task 1, a component data base (Volume II) detailing the thermal per- 
formance and cost of common heating, cooling, ventilation, piping and 
control systems for multi-family residential and commercial buildings 
was developed. The data was compiled In a form that could be used in a 
computer program also developed In Task 1. The computer model allows 
for a variety of system configurations and component sizes and will oper- 
ate the components to meet a given building thermal and electric load. 

In addition, the computer model estimates the capital cost, maintenance 
and operating costs, and performs financial analyses of the economic data. 

In Task 2, some 108 system concepts were identified and analyzed with 
Che computer model. System schematics of those having the lowest annual 
system cost were identified in Task 3 and an economic analysis of the 
various systems was performed in Task 4 using levelized annual cost and 
discounted cash flow parameters. The economic analysis was based on a 


coaparlton of fuol coll booed oyoteu with convontionol goo and electric 

ayatoao. 

In Task 5 and 6, cuotma eoapononta (non-otandard coaponont alaea), and 
advanced coaponenta (hlgh-officlency co^>ononta likely to be available 
In the near future) were identified and integrated into the syatea. 

2.4 Relationahlp to Other Proataaa 

This study provides an analysis of three types of fuel cells in more 
than 100 integration schemes in two buildings. Strategies for optimi- 
zing the system design to reduce annualized cost are developed. Sys- 
tem economics from the viewpoint of a building developer were examined 
and recogmendations for enhancing the attractiveness of fuel cell sys- 
tems are made. 

This study represents a critical link in the commercialization of on- 
site fuel cell systems because it focusses on the issue of accelerating 
the acceptance of these systems through design and policy alternatives. 
Figure 2 summarizes the central function this analysis serves in the 
continuum or programs designed to bring on-site fuel cell total energy 
systems into widespread use. We believe that the findings of this study 
and future updates of it will be help map necessary future demonstration 
and market assessment pro-rams of fuel cell systems to accomplish the goal 
of successful commercialization. 




















FIGURE 2 

RELATIONSHIP OF THIS STUDY TO COMMERCIAL! ZATIOW 
OF ON-SITE FUEL CELL SYSTEig 









3. BUILDIMG AND FUEL CELLS SELECTED FOR STUDY 


3.1 D««crlption of Buildings 

Tv’o buildings were identified by NASA Lewis for this study of fuel cell 
integrstion systems concepts. A retail store of 112,163 square feet 
and a 96-unit apartment complex were Identified. The key characteris- 
tics of these two buildings are given in Tables 1 and 2. These specifi- 
cations along with other details on the floor plan, window area and 
domestic water usage were used as input to a well established building 
load program to develop the building load profile for the apartment. 
Building load data for the store was provided to ADL by NASA Leifis. 

Garden /^artment Computer Model 

The garden apartment complex consists of four identical 24-unlt build- 
ings each oriented with major axis east and west. Each 24-unlt apart- 
ment building is divided into twelve spaces or zones, six per floor. 

On each floor, the four corner apartments are designated as separate 
spaces. The four intervening apartments on each side of the building 
comprise the remaining two spaces. Since the end spaces with the same 
orientation have very similar thermal behavior, they are combined into 
the same heating and cooling system. The building is divided into eight 
systons. 

The ESP-I program developed by Automated Procedures for Engineering Con- 
sultants (APEC), was used to develop hourly load profiles. The program 
uses ASHRAE response factor data to account for the heat storage capa- 
city of the entire building in the hourly simulation. The output for 
each of the eight HVAC systems, in MBTU, is given for every hour of the 
year. Heating energy is positive, cooling energy is negative. Each 
system output represents the sum of the energy requirements of the four 
equivalent spaces in the four apartment buildings. 
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TABLE 1 


RETAIL STORE DESCRIPTIOH 
WASHINGTON. D.C. 



Retail 

Store 

Building Dlnanslons, M (FT) 

93.6 a 
(307 X 

; 111.3 
365-1/4) 

U- factors, W/M^-*C (BTU/HR-Deg F-SF) 



Glass 

3.4 

(0.600) 

Wall 

1.2 

(0.214) 

Roof 

0.51 

(0.090) 

Total Exposure Areas, (SF) 



Glass 

167 

(1801) 

Wall 

2514 

(27063) 

Roof 

10420 

(112163) 

Number of Floors 

1 

- 

Floor Area. (SF) 

10240 

(112163) 

Celling Height, M (FT) 

3.0 

(10) 

Maximum Occupancy 

2664 



TABLE 2 



APARTMENT 

BUILDING DETAILS 

(DATA FOR 

1 OF THE 4 BUILDINGS 

IN THE COMPLEX) 

Overall Building Dimensions 


12. 2M X 78.1m 

(40 ft. X 256-1/4 ft.) 

Building Average U-Factors: 





W/M^-*C 

(BTU/HR-Deg F-SF) 

Window 


4.3 

(0.750) 

Wall 


0.567 

(0.100) 

Roof 


0.284 

(0.050) 

Roof Area 


952M^ 

(10248. SF) 

Floor Area 


1904M^ 

(20496. SF) 

Floor-to-Cciling Height 

2.43M 

(8. FT) 

Wall Number 

Exposure Area 
SF 

Glass /Wall 
Ratio Z 

1 

406 

(4368.) 

20. 

2 

65. 5 

(705.) 

0. 

3 

406 

(4368.) 

20. 

4 

65.5 

(705.) 

0. 


Minimum Occupancy 1 l people 
Infiltration. Air Changes/Hour 0.8 


The tMurly doMstic hot water usage was provided by NASA and aaounted 
to 405 liters (107 gallons) of 27*C (80*F) rise hot water per day per 
apartasnt. A saaple of the average day load profile Is given in Figure 
3 . 


Retail Store Load Profile 

The retail store has characteristics shown In Table 1. Load profile 
data supplied by NASA-Lewis were used without alteration in the assess- 
■ent of the integrated fuel cell systems in the retail store. A sample 
of the average day load profile is given in Figure 4. 

3.2 Conventional HVAC Systems 

Four conventional systems were developed. A gas and electric based 
HVAC system were identified for both the retail store and the garden 
apartment. 

Four central air handling units were used in the retail store and cabi- 
net-unit heaters and fan-coil units were used on the perimeter. An 
electric chiller and cooling tower were used along with required space 
heating and hot water boilers. An electric boiler was used in one sys- 
tem and a gas-fired unit in another. Figure 5 shows the electric based 
retail store conventional system and Figure 6 shows the gas-fired equi- 
valent system. 

A central plant for providing hot water and chilled water to the garden 
apartments was designed for the garden apartment application. Indivi- 
dual fan-coil units were located in each of the rooms of the garden 
apartment. Both a gas and electric based system were designed and these 
are shown in Figures 7 and 8, respectively. 
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FIGURE 6 









FIGURE 8 





3.3 PTfoCTumca md Co»t of Fuel Cell Dealani 


nire« fuel cell types were used in this study. The performance charac- 
teristics of each fuel cell under variable load and cost data were pro- 
vided by NASA-Le«ris. For the purposes of this study the fuel cells were 
characterised as follows: 

Type A - air-cooled fuel cell, near term technology (1985) 

Type B - liquid-cooled fuel cell, present technology 

Type C - liquid-cooled, advanced technology fuel cell 

Type B and A power plants are representative of those being developed 
for commercialization in the 1985 timeframe while Fuel Cell C represents 
advanced technology. The complete ^''el cell descriptions provided by 
NASA-Lewis including physical and operational characteristics are repro- 
duced in Volume II, Section 1.2. 

A fuel cell power plant consists of a fuel processor, a fuel cell power 
unit, an electrical inverter, a cooling system, and a heat recovery sys- 
tem. Liquid-cooled fuel cells have two sources of recoverable thermal 
energy: 1) the recirculating liquid coolant loop which can be used to 
raise steam, hot water, heated air, or some combination of all three; 
and 2) the reformer and cathode vents which car be used to generate hot 
water or heated air. [Ref. 3]. 

The air-cooled fuel-cool also has two sources of recoverable thermal 
energy: 1) the recirculating air coolant which can be used to generate 
hot water or heated air, and 2) the reformer and carhode vents which 
can be used to generate hot water or heated air. For the purpose of 
this study it was assumed that fuel cell modules with all the heat 
recovery options described above are available and that the fuel cell 
capital cost is unaffected by the type of heat recovery system assumed. 

The recovery of thermal energy from the heat recovery system is entirely 
optional and does not affect the fuel cell system operation. Heat which 
cannot be recovered by the heat recovery system or heat from the heat 




recovery system that Is not utilized, is automatically removed by the 
cooling system. The cooling fan Is Included In the module . 

The key characteristics of the three fuel cells are summarized In Table 
3. 


An estimate of the installation cost of the fuel cell v is made by ana- 
logy with an absorption chiller which shared most of the same Intercon- 
nection requirements as a fuel cell of equal size. A 352K W (100 ton) 
absorption chiller and a 50KW fuel cell were used In the comparison. 


Weight 
Slab Size 


FUEL CELL 

3856KG(8500 lbs) 
6.0 Sq.M.(65 Ft^) 


ABSORPTION CHILLER 

5257KG(11,590 lbs) 
6.2 Sq.M. (67 Ft^) 


The Installed cost of the chiller Is: 

Labor $25/Hour x 85 Hours [Ref. 4] * $2,125 

Concrete and Forms 259 

TOTAL $2,384 


or about $50 per KW of the fuel cell. 


TABLE 3 


fuel cell characteristics 


CHARACTt»ISTlCS 

TYPE A 

TYPE B 

TYPE C 

Status 

Near Term 
Technology 

Current 

Tecimology 

Advanced 

Technology 

Minimum Module Size, KW 

20 

20 

100 

Maximum Module Size, KW 

300 

300 

500 

Maximum Delivered Water Temperature 

98.9'C 

(210"F) 

71*C 

(160“F) 

- 

Maximum Delivered Steam Pressure 

- 

515KPA 
(60 paig) 

515KPA 
(60 pslg) 

Module Forced Outage Rate, Percent 

3 

3 

5 

O&M Cost, Mlls/KW-HR 

6 

6 

6 

Module Cost Constant, C^* 

420 

615 

463 

Cost, $/KW 




Minimum Module Size 

340 

503 

336 

Maximum Module Size 

282 

413 

300 

Full Load Efficiency, X LHV 




Total 

83 

75 

84 

Electrical 

37 

37 

46 


Purchased Price C ■ Cq*KW’^^ 

Where C ■ Purchase Price (1978 Dollars) 

KW - Module Size 


Tabulated Constant 


4. INTEGRATED SYSTEM DESIGN AND ANALYSIS 


4.1 Computer Model 

A Fortran computer model written £or an IBM 370 computer was developed 
In this project to simulate a variety of syston designs over the annual 
operating cycle of the building. The program was designed to allow the 
user to Input the broadest possible spectrum of fuel cell and HVAC equip-* 
ment. The model (see Figure 9) was designed to treat a wide variety of 
system configurations that go %fell beyond the scope of those examined In 
this study. 

To allow a wide variety of systems to be treated, the program is In a 
modular form. A module may be a boiler, or a fuel cell or a thermal 
storage tank or any other piece of HVAC equipment. The user then speci- 
fies what modules are to be a part of the complete HVAC system. In a 
real HVAC system all the components would be operating simultaneously. 

In the model however, the user must operate the components In series. 

This results In slightly different energy flow predictions. For exam- 
ple, If the non-HVAC building electricity load Is 90KU, a lOOKW fuel 
cell would operate at 901 load to meet this demand. Simultaneously, 
some 2KW pumps may be circulating byproduct fuel cell hot water to the 
heating system heat exchanger. In the first pass through the model the 
2KW for the pumps will not be accounted for since the fuel cell bypro- 
duct hot water is calculated last. To correct for this error, the model 
uses the updated HVAC demands and recalculates the hourly system per- 
formance. For practical purposes the model only recalculates the HVAC 
demands once, since the impact of the HVAC system on the overall load 
is relatively small. This process Is repeated hourly until the entire 
day has been completed. The program then prints the daily energy flows 
for each HVAC module. 

Normally, only a few days are selected to represent an entire year. When 
a seasonal change from heating to cooling (or vice versa) occurs the 
hoc storage tank becomes a cold storage tank. The model assumes that 
Che storage tank seasonal changeover requires no additional energy. The 


FIGURE 9 

COMPUTER MODEL ENERGY FLOW 
















real aystem would require very little energy on a yearly basis for sea- 
sonal changeover for the following two reasona. First, a real system 
would anticipate a seasonal changeover and deplete the storage tank prior 
to the and of the season minimizing the energy required for the change- 
over. Second, there are only two changeovera per 365 days, thus the im- 
pact on the yearly energy usage Is negligible. 

Once all the days have been modeled, the yearly results are obtained by 
scaling the results up to 365 days. 

The fuel cell may be any size, so the model, by trial and error, calcu- 
lates the size that results In a minimum overall fuel cell capital cost. 

The Levellzed Annual Cost and cash flows are then performed. 

Figures 9A through 9J show the overall program logic and the logic for 
the systems employed In this study. 

Beginning with the requirements of the building for heating or cooling, 
hot water, and electricity for lights and other non-HVAC equipment, 
three basic forms of energy: 1) steam, 2) hot water, and 3) elec- 

tricity are used to meet the load. Each energy flow Is treated inde- 
pendently. The steam requirement results from hot water needs and the 
absorption chiller; steam Is supplied by either the boilers, the fuel 
cell, or both. 

The hot water requirement results from domestic hot water needs, heating 
equipment loads, and the thermal storage recharge schedule. The hot 
water is supplied by some combination of the following: thermal storage 
discharge, boilers, fuel cell. 

The electricity requirement results from lights and other non-HVAC equip- 
ment, us well as HVAC pumps and fans, and the charge cycle of the bat- 
tery storage if used. The cooling load from either the building or the 
thermal storage indirectly results in electrical demands, in that a cen- 
trifugal or a reciprocating chiller is required. These electrical require- 
ments are met by battery discharge and/or the fuel cell. 
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FAN COIL SYSTEM 
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FIGURE 9G 

ABSORPTIOH CHILLER SYSTBI 




FIGUKE 9H 

AIR HANDLING*SYSTEM 



The cabinet unit heater system Ionic is similar. 
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A large data base of component systems performance and cost data were 
developed In Task 1 and Is suamarised in Volume II of this report. These 
data were integrated into the computer model so that capital costs could 
be calculated allowing the user to quickly perform exponent sising opti- 
misation studies to identify the optimal Integration scheme. The cost 
data were developed parametrically based on both component capacity and 
efficiency. The user selects a component efficiency and the model auto- 
matclally costs the major components necessary to meet the load demand. 

The size and number of fuel cells needed to meet the reliability require- 
ments are calculated in the model using a standard loss-of-load proba- 
bility analysis explained in Section A. 4.1. The program selects a rea- 
sonable fuel cell size starting with the minimum possible nvmber of fuel 
cells. The reliability for this configuration Is calculated. If the 
reliability is below the minimum specified, another fuel cell is added 
and the reliability is recalculated. This process is repeated until the 
minimum specified reliability is met or exceeded. Once the size and num- 
ber of fuel cells Ls known, the fuel cell capital cost can be calculated. 
Other fuel cell sizes are then selected and the entire process repeated, 
until the model has determined which fuel cell size leads to a minimum 
capital cost. 

4.2 Economic Measures 

The primary economic measure used in this study was Levellzed Annual Cost 
which combines the investment costs and operating costs of the fuel cell 
total energy system into a single figure for comparison. The levellzed 
annual cost concept was developed for the electric utility industry analy- 
sis of central power plants. This cost measure was used exclusively dur- 
ing the system optimization work as the figure of merit. 

Cash Flow analysis and a Rate of Return calculation, both more familiar 
to the building developer was then u:;ed to characterize the best systems. 


These letter analyses permit different sectors of the business community 
to evaluate the systems using their own particular financial guidelines 
most suited to their business. The following paragraphs describe the 
formulation of these economic measures. All costs are In 1978 dollars. 

Levellsed Annual Cost 

The following formulation was taken principally from: NASA Documents dated 
April 12, 1979. Groundrules for Economic Analysis 

The Levellzed Annual Cost (LAC) Is a comparative measure of both the 
fixed and variable costs associated with the Investment, Incurred at 
different times throughout the life of the project. The formulation 
attempts to account for the real cost of money by using a Capital Re- 
covery Factor (CRF^) applied to determine the present value of energy 
costs and a fixed charge rate (FCR) similar to a mortgage applied to the 
capital Investment. The levellzed annual cost Is defined as: 


LAC - C 


FCR+NO+ 



E(l-t^)° 

(1+r)" 


CRV 

r 


Where : LAC 

C 

FCR 

E 

e 

r 

CRF 

r 

NO 


■ levellzed annual cost 
<■ capital Investment 

fixed charge rate; function of cost of capital, 
project life, tax treatment, etc. 

“ energy cost 

- escalation, decimal 

> after tax cost of capital 

■ capital recovery factor at r 

“ non-energy operating cost (Levellzed) 


CRF 

FCR - [1 - t (DEP) -TC] 


Where : 


CRF is capital recovery factor for the after tax cost or capi- 
tal r and the economic life N 


t “ tax rate 

TC ■ Inveataent tax cradlt rate 

DEP ■ levellied depreciation factor for Sum of Years 
Digits (SYD) 


2[NT - 


CRF 


DEP 


r.NT 


NT (NT+1), 


(NT ■ tax life, la for after tax cost of capital r 

and tax life NT). 


All values used In this study are In constant 1978 dollars and Inflation 
Is not addressed although escalation of energy costs Is Included. For the 
purpose of comparing the performance of different systeaui the following 
constants were used: 

r " .10 cost of capital after taxes with no Inflation 

C - .10 Investment tax credit rate 

t - .50 Income tax rate 


Using these values and assuming a project and tax life of 25 years then: 


CRF^ - . 1102 

(for r ■ .10 and economic life of 25 years) 
DEP - .490 

(for r > .10 and tax life of 25 years) 

and combining these relations and values: 

FCR - .1444 


Energy Cost and Real Escalation 

Source: December, 1978, Mid-Term Energy Forecasting System MEFS - Energy 

Information Administration (EIA) . 

(Energy costs in 1978 dollars/mlllion BTU) 



1980 

199^ 

0* 

Electricity 

$12.19 

$13.49 

.b% 

Gas 

$3.03 

$4.33 

2.4X 


Other Input Asauiaptlona 

CRF^ - . 1102 

for r - .10 and an economic life of 25 years. 

Combining These Relations 

^ E(l4e)" 

LAC - .1444 C+NO+.1102 2^ ^ j^^^n 

n«l 

Non-Energy Operating Costs 

Sum of maintenance costa, and insurance and local taxes. We have assumed 
that insurance and local taxes are (.03)C. Maintenance costs are obtained 
from the component data base and NASA supplied fuel cell data. 

Later in this study the following alternative financial analysis methods 
will be discussed from the viewpoint of the developer (Chapter 5.4). The 
following format is used in Volume II, Section 4 to present the Cash Flow 


Analysis : 

Operating Costs 


Incremental 

Discounted 

Cash Flow 

Cash Flow 

Cash 

Cash 

Fuel Cell 

Baseline 

Year Flow 

Flow 

System 

System 


0 

1 

2 

3 

4 


25 


* e “ average escalation rate compounded annually. 
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The Rate of Return anaiyala provldea the Interest rate at which the 
present value of the yearly operating cost savings* equals the Initial 
additional capital Invastaent of the fuel cell systen compared to a 
conventional system. The equation used Is: 

25 

V Operating Cost In Years n _ - 
Capital Investment - ^ ^ ^^n 

n-1 


* Note: For this analysis to be valid the fuel cell must provide every 

year a net operating cost savings. Also, for clarity, taxes 
and Insurance are not included. 


4.3 Conventional System Performance 

The four conventional systems were simulated In the integration system 
model. The four systems are: (1) gas boiler and electric chiller store 

(2) all electric store (3) gas boiler and electric chiller apartment 
(4) all electric apartment. 

The initial analyses calculated the annual performance using 36 days of 

weather data on an hour-by-hour calculation. The number of days were 

reduced parametrically to four particular days: 2 peak days and 2 mean 

days, resulting In a predicted levellzed annual cost performance within 

* 

1.81 of using 36 days in the store. This same approach was taken for a 
representative fuel cell based system and the agreement was 4.9Z between 
36 days of simulation and the 4 particular days. 

It was possible to obtain a reasonable approximation to a yearly run with 
only four actual days of data for the following reasons: 

1) The peak heating and cooling days were Included In the data 
Insuring that the HVAC equipment was properly sized. 


The normal demand of the store Is more dependent on outdoor conditions 
because ot the small fraction of domestic water heating. It was chosen 
as the worst case test. 


2) The daily hot water uiage profile wae eesentially conatant. 


3) The daily non-HVAC electrical use profile wee aleo eeeentially 
conetant. 

4) The daily fuel cell ueage wee determined primarily by the 
electrical demand which caueed the fuel cell load to be 
relatively conetant. 

5) Both Che etore and to a leaner extent the residential build- 
ings have heating and cooling loads that are prisMrily affec- 
ted by internal sources (i.e., lights and people) rather than 
the weather. Thus, the store's and the residential building's 
daily heating and cooling profiles tend to be relatively con- 
stant from day to day. 

The conventional component sizes found necessary to meet the demand are 
given below: 



Store 

Garden Apartment 

Boiler (KW Gas Heating) 

322 

470 

Chiller (KW Cooling) 

1214 

352 

Domestic Hot Water (Liters) 

1700 

6800 


The results of Che simulation are suimnarized in Table 3 based on the 
economic variables In Chapter 4.2. The capital cost of a gas heated 
building Is slightly more chon a comparable electric heated building but 
the annual energy costs are substantially less, resulting in a lower 
levellzed annual cost for a gas based HVAC conventional system. 

The format of Table 3 which presents system performance is repeated in 
Volume ll. Section 3.0 for all of Che systems analyzed in the study. 
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TABLE 3 

CONVENTIOHAL HVAC SYSTEM PERFO RMAMCE 
(All Values Except Capital Cost are Annual Costs) 
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Wi, ' ; 



and $175,000 for the gas and electric apan 


4.4 Cor**>on<nt Selection for Pu«l Ctll Syt—i 

The k«y Cachnlcal analysis of this acudy ia contained in this sect Ion 
in which a methodical approach to selecting the favorable HVAC compo- 
nents for a stand-alone (no electric utility grid connection) on-slte 
fuel cell systesw for selected buildings is presented. Table 4a sum- 
marizes the available cos^onents examined, briefly describes the basis 
of selection, end Indicates the sections in the report in which the de- 
tails are given. Table 4b is a Master List of all of the system analy- 
zed in this study. Subsequent sections refer to particular systems by 
a designation code using the follwlng convention: 



Fuel 


Building 

Special 

System 

Cell Type 


iype 

Case 

Code Number 

A - air cooled, near term 

S - Store 

o Battery Size 

in Series 

B - liquid cooled. 

current 

A - Apartment 

o Fuel Cell Pe 


C - liquid cooled. 

advanced 


Limitation 

4.4.1 

Fuel Cell Sizing 





Three fuel cells described In Section 3.3 were considered in both the 
Retail Store and Garden Apartment application. They are: 

a Air Cooled - 210*F Hot Water 
a Liquid Cooled - 160*F Water, 60 pslg Steam 
a Advanced Liquid Cooled - 60 psig Steam 

The fuel cell sizing was based on a loss of load calculation designed 
to provide the same reliability as a grid connected electric supply. 

The standard reliability is 3 hours of outage per 10,000 hours. The 
following steps were used to calculate the loss of load. 

The percent of the time that a certain generating capacity X is exceeded 
is developed. An example of this data known as a load duration curve is 
given in Figure 10 (System 4CS). Starting with N«1 a fuel cell size is 


COHPONPIT SIZtHC MBTHODOLOCY 


[ SECTI ON COMPONENT 


SELECTION CRITERIA 


A. 4. 1 

4.4.2 

4.4.3 

4.4.4 


4.4.S 


4.4.6 


Pu«I C«I1 


Gm Bolltr 


nlnlaua cftpltal cost to oMst stand 
alons rsllsbllity 

sizsd to oMst aaxlaua daasnd 


Absorption Chlllsr - Itsrsts slss to ■ininlss IsvsllKsd annual cost 
Electric Chlllsr ~ slcsd to Bsst naxianui d«und 


Cold Central Theraal 

Storase - vary for alnlnusi levelised annual cost 

Pressu*' ! itsd Hot Central 

Theme Storage - not as attractive as cold storage 


Domestic Hot Water 


Heat Exchanger 


minimum Isvelizcd annual cost or 
minimum size to meet one hour draw, 
whichever is larger. 

minimum levelized annual cost 


4.4.7 


4.4.8 

4.4.9 


Water to Water 
Heat Pump 
Air to Air 
Heat Pump 


found not to be economical 
not used in conventional system; 


Cooling Tower. Pump - as needed 


F Coil Units. Cabi- 
net Units, and Air 
Handling Units - as needed 
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TABLE 4A 


FUEL CELL A APARTMENT 



1 - Water to Water Heat Exchanger Used Throughout ■> 8098 Watts/ *C 

2 - High Efficiency Modulated Boiler 

3 - Battery Storage 1000 KWH 

4 - Battery Storage 500 KWH 

5 - The Absorption Chiller Attempts to Limit the Fuel Cell to 200KW 

6 - Water-fired Absorption Unit 





TABLE 4B 


MASTER SYSTEM LIST 


FUEL CELL B - APARTMENT 


RUH 

FUELCELL 

BOILER. 

CHIL 

-ER . 


^ STORAGE 

NOTES 


NUMBER 

MODULE 
SIZE KW 

KW 

ABSORP- 
TION KW 

ELECTRIC 

KW 

DIS- 

CHARGE 

DUR.HRS. 

LITERS 

DOMESTIC 
HOT WATR. 
LITERS 


IBA 

14 

31.1 

0 

1-88 

351 

1 

1,680 

6814 

1.2,3 

2BA 

14 

31.1 

0 

1-88 

351 

2 

2,404 

6814 

1.2,3 

3BA 

15 

28.7 

0 

1-88 

351 

4 

10,390 

6814 

1.2,3 

4BA 

17 

25.5 

0 

1-88 

351 

8 

36,560 

6814 

1.2,3 

5BA 

18 

25.9 

0 

1-88 

351 

12 

63,080 

6814 

1.2,3 

6BA 

18 

24.4 

0 

0 

351 

0 

0 

6814 

1.2.3 

7BA 

14 

31.1 

0 

1-88 

351 

0 

0 

6814 

1.2,3 

8BA 

18 

24.4 

0 

0 

351 

1 

1,680 

6814 

1.2,3 

9BA 

21 

20.5 

0 

0 

351 

1 

1,680 

6814 

1.3 

lOBA 

21 

20.5 

322 

0 

351 

1 

1,680 

6814 

1,3 

IIBA 

21 

20.8 

0 

175 

316 

1 

1,680 

6814 

1,3 

12BA 

21 

20.5 

0 

0 

351 

1 

1,680 

13630 

1.12 

13BA 

21 

20.5 

322 

0 

351 

1 

1,680 

6814 

1,3,9 

14BA-8000 

17 

22.8 

0 

0 

351 

1 

1,680 

6814 

1.3,4 

14BA-4000 

20 

20.0 

0 

0 

351 

1 

1,680 

6814 

1,3,5 

14BA-2000 

21 

20.6 

0 

0 

351 

1 

1,680 

6814 

1,3,6 

14BA-1000 

16 

21.3 

0 

0 

351 

1 

1,680 

6814 

1.3,7 

14BA-500 

18 

20.4 

0 

0 

351 

1 

1,680 

6814 

1.3,8 

15BA 

14 

28.0 

527 

351 

351 

1 

1,680 

6814 

1.3 

16BA-1000 

13 

20.0 

322 

0 

351 

1 

1,680 

6814 

1,3.10 

16BA-500 

18 

20.4 

322 

0 

351 

1 

1,680 

6814 

1,3,11 


1 - A 7832 Watts/*C steam to water heat exchanger 

2 - A 8097 Watts/ *C water to water heat exchanger 

3 - A 8182 liter hot water storage tank 

4 - 8000 KWH battery limiting the load to 250 KW 

5 - 4000 KWH battery limiting the load to 150KW 

6 - 2000 KWH battery limiting the load to 150KW 

7 - 1000 KWH battery limiting the load to 200KW 

8 - 500 KWH battery limiting the load to 200 KW 

9 - High efficiency modulating boiler trying to limit the load to 200KW 

10 - 1000 KWH battery limiting the load to 200 KW 

11 - 500 KWH battery limiting the load to 200 KW 

12 - A 16365 liter hot water storage tank 
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TABLI. 4D 


RETAIt STORE 


RUN 

FUEL CELL J 

BOILER 

CHIL 

.£R 

THER.MAL STORAGE 

NOTES 


NUMBER 

MODULE 
SIZE KW 

KW 

ABSORP- 
TION KW 

i 

ELECTRIC 

KW 

DIS- 

CHARGE 

DUR.HRS. 

LITERS 

1 

DOMESTIC 
HOT WATR. 
LITERS 


IAS 

15 

61.48 

0 

1 0 

984 

8 

143,800 

1700 

1 

! 


2AS 

15 

56.71 

0 

0 

984 

13 

450,460 

1700 

1 


3aS 

15 

56.95 

0 

0 

773 

13 

450,460 

1700 



4AS 

15 

60.93 

0 

0 

984 

4 

74,550 

1700 



5AS 

15 

44.97 

1582 

1002 

0 

4 

74,550 

1700 



6AS 

15 

65.5 

0 

0 

1125 

2 

18,313 

1700 



7AS 

11 

85.8 

0 

1-88 

932 

4 

74,550 

1700 



8AS 

11 

65.0 

1582 

1002 

0 

4 

74,550 

1700 



9AS 

10 

88.5 

644 

422 

844 

4 

74,550 

1700 



ICS 

15 

65.5 

0 

2-88 

984 

13 

450,460 

1700 

2 


2CS 

10 

107.6 

0 

2-88 

808 

8 

143,770 

1700 

2 


3CS 

7 

139.6 

0 

2-88 

633 

13 

450,460 

1700 

3 


ACS 

7 

143.5 

0 

2-88 

633 

13 

378,540 

1135 

3 


ACS-36 

9 

110.9 

0 

2-88 

633 

13 

378,540 

1135 

3.4 


5CS 

6 

144.2 

864 

844 

0 

13 

378,540 

1135 

3 


6CS 

7 

136.0 

0 

2-175 

492 

13 

378,540 

1135 

3 


7CS 

7 

143.0 

0 

1-175 

633 

13 

378,540 

1135 

3 


8CS 

6 

144.0 

864 

844 

0 

13 

378,540 

1135 

3 


9CS 

6 

147.0 

849 

844 

492 

13 

378. 540 j 

1135 1 

3 



1 - H 2 O to H 2 O heat exchanger only 2024/watts/°C for all Fuel Cell C cases. 

2 - Steam H 2 O heat exchanger 1957 watts/®C and 3163 watts/'C H 2 O to H 2 O. 

3 - 1957 watts/*C steam to H 2 O heat exchanger only. 

4 - This run represented 36 days of data. Otherwise it Is exactly the same as ACS. 
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TABLE 4E 

RETAIL STORE ANALYSIS 


(8>125,000 Cabinet Unit Haatara 
4 Air Handling Uniti) 






NUMBER 




MODULE 
SIZE KH 




ABSORP- 
TION KW 

ELECTRIC 

KW 





LITERS 





57.8 

54.0 
53.85 

58.0 

56.8 
55.3 

58.2 
56.8 
56.8 
56.7 

55.2 

55.3 

45.4 
64.2 
80 

44.4 

57.0 
64.2 


2-88 

2-88 

2-88 

2-88 

1-88 

2-88 

0 

1-88 

1-88 

1-88 

2-88 

2-88 

1231 

844 

2-88 

844 

1-88 

844 


866 

18.314 

143,770 

74,550 


143,770 

453,890 

453,890 

74,550 

378,540 

378,540 

378,540 

378,540 

378,540 

378,540 

378,540 

378,540 

0 

378,540 

378,540 

378,540 

378,540 

378,540 


1700 

1700 

1700 

1700 

1700 

1700 

1700 

2271 

1135 

1135 

1135 

1135 

1135 

1135 

1135 

1135 

1135 

1135 


Eliminate 509 Watts/”C H 2 O to H 2 O Heat Exchanger, Use Steam to H 2 O Heat Exchanger 
1957 Watta/*C Only. 

High Efficiency (Custom) Absorption Chiller 12# Steam Ton-HR 
Relax Fuel Cell Reliability to 30 Hours per 10,000 
Relax Fuel Cell Reliability to 10 Hours per 10,000 
High Efficiency Absorption Chiller 10# Steam/Ton-HR 
High Efficiency Modulating Boiler 









TmKJlF 

RETAIL STORE ANALYSIS 
(Continued) 



7 - 350KW Peak Limiting by Absorption Unit 

8 - 400KW Peak Limiting by Absorption Unit 

9 - 500KW Peak Limiting by Absorption Unit 

10 - 600KW Peak Limiting by Absorption Unit 

11 - 700KW Peak Limiting by Absorption Unit 

12 - 3000KWH Battery Trying to Hold the Load at 350KW 

13 - Adiabatic Thermal Storage Tank 

14 - High Efficiency Absorption Chiller 12# Steam/Ton-Hour 

15 - Higher Efficiency Absorption Chiller 6# Steam/Ton-Hour 

16 - 880KW Boiler 

17 - 350KW Boiler 


WC" ' -t 
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selected equal to the meucimua generating capacity required divided by 
N and the loss of load probability Is calculated using the standard 
relation: 


Likelihood of Delivery 

(Plec) 

I 

Where: 

a ■ fuel cell reliability 


1 ■ # of fuel cells 
that have failed. 


plec ■ the prpbablllty that the load exceeded the capacity of (m-i) 

^ X (fuel cell size) 

, • ' • • • - ■ 

no. of fuel cells, m Is Increased until the overall rella- 
. '.bility,, desired Is met or exceeded. 


■ ' i 

From this calculation the size and number of fuel cells are identified 
and the total fuel tell cost Is calculated based on data In Table 2. 

The process Is repeated with N Incremented by 1 until the minimum fuel 
cell cost Is found. A typical output of these data Is given in Table 5. 
The lowest cost fuel Cell In this example Is the 143.47KW size. 


The fuel cell reliability criterion has the effect of specifying stand- 
by fuel cells. Table 6 summarizes the reliability requirement for the 
different fuel cell types. Relaxing the reliability criterion will re- 
duce the system cost and the levellzed annual cost as shown in Table 7. 
Due to the rellatlvely flat cost/capacity relations in the reliability 
calculation, a relatively wide range of capacities (1 20KW) can meet 
the reliability criteria at about the same capital cost. This accounts 
for the dispersion of optimum sizes shown In Table 5. These data should 
not be construed as showing: a real difference in optimum modules size 
as a function of reliability, but rather a reduction in total installed 
power with relaxed reliability. 


ORIGINAL PAGE IS 
or POOR QUALITY 
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TYPICAL LOAD DURATION CURVE 
(Case 4CS) 
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TABLE 5 


FUEL CELL SIZE SELECTION 
(case ACS) 


1 Cost 

Fuel Cell 
Size 

Number 
of Fuel 
Cells 

$ 

(KW) 


511,785 

358.67 

4 

437,045 

239.11 

5 

400,247 

179.33 

6 

378,655 

143.47 

7 

410,221 

119.56 

9 

394,369 

102.48 

10 

385,414 

100.00 

10 


t 


Total 

Installed 

Capacity 

(KW) 

1A3A.7 

1195.6 

1076.0 

1004.3 

1076.0 
1024.8 

1000.0 






TABLE 7 

EFFECT OF RELIABILITY (W COST 
(FUEL CELL B - STORE) 


INSTALLED KW 


RELIABILITY 
OUTAGE/ 1000 HOURS 


13BS 

15056.7 KW - 850 KW 

3 

18BS 

10079.8 

• 798 KW 

10 

15BS 

16047. 

- 752 KW 

30 


LEVELIZED 
ANNUAL COST 
IN $1,000 


249.0 


245.7 


245.4 



It should bs noc«d that th« fusl call opsrstlftt •sintsiuac* cost 
Is bsssd on 6 ails par KHH of dalivarad anar^. As a eonsaquanca of 
this, tha O&M cost for tlM fual call is ralacivaly indapandant of tha 
installed fual call capacity and is a function of the load. Therefore, 
a reduction in fuel coll capacity as a result of thacaal storage, relaxa- 
tion of reliability, battery storage and fuel cell type will not reduce 
operating and maintenance costs. O&N costs exert a substantial effect 
on system econtmics since they are about equal to the total fual coat. 

4.4.2 Gas Boiler 

The gas boiler is used as an auxiliary source of steam and can be used 
to meet both the heating functions (hot water and space heating) as 
well as the cooling function when used in couiection with an absorption 
chiller. Judicious use of a boiler may reduce the Installed fuel cell 
capacity required. 

In the systems analysis it was found that when the auxiliary boiler is 
used to meet only the domestic hot water and space heating functions, 
the fuel cell size is not affected. The peak demand, which sets the 
fuel cell size is the sunoner air conditioning load in both the Garden 
Apartment and the Retail Store. System 4AA of Table 8 shows Chat the 
fuel cell size Is not changed when the auxiliary boiler is used to sup- 
plement space and water heating. 

To reduce the fuel cell size the boiler must be used in conjunction with 
a larger absorption chiller. The analysis shows that the boiler offers 
no net cost savings because the capital cost savings of the reduced 
fuel cell installation is more than offset by the added fuel cost and 
chiller cost. Table 8 shows the results of the use of an auxiliary 
boiler on the system economics of the apartment and Table 9 which clearly 
allows the effect of an auxiliary boiler on the fuel cell cost with and 
without absorption chillers and the net effect on the annual cost. 


TABLE 8 


fc?FECT OF AUXILIARY BOILER 
OH SYSTEM ECOHOMICS - GARDEN APARTMEWT 


Rafcrtnc* Rim 

Without 

Boiler 

3AA 

Boiler- 

Heating 

4AA 

Boiler-Absorp- 
tion Chiller 
9AA 

Fuel Cell 

$170,506 

$170,506 

$150,025 

Boiler 

0 

$ 9,528 

$ 11,927 

Absorpclon Chiller 

0 

0 

$ 34,650 

Total Capital Coat 
Including Cooling 
Tower and Distri- 
bution Equlpnent 

$355,400 

$365,400 

$389,178 

Annual Fuel Coat 

$48,946 

$49,449 

$ 51,442 

Levellzed Annual Cost 

$149,136 

$159,909 

$160,068 

Absorption Chiller 
Size (KW) 

0 

0 

316 

Electric Chiller 
Size (KW) 

351 

351 

351 



* 


TABLE 9 


EFFECT OF AUXILIARY BOILER ON SYSTEM ECONOMICS 


Capital Coat 
Annual Fual Coat 
Levellzad Annual Cost in 1000 
Absorption Chiller Size (KW) 
Electric Chiller Size (KW) 


Without 
Boiler 
Run 13BS 

With 
Boiler 
Run 16BS 

$732,000 

$676,000 

$ 73,000 

$ 98,000 

$249,000 

$270,000 

88 

1231 

739 

0 


4.4.3 Chillers (Electric and Abaorptlon) 


In genaral, the chillers are sized to Just meet the peak cooling loud. 

The partitioning between absorption and electric chillers Is based on 
an Iterative process aimed at minimizing levellzed annual cost. The 
optimum cooling load split for the store was lOZ absorption chiller and 
90Z electric chiller because the absorption unit requires about 5 times 
as much energy as the electric unit and costs about 40Z more per ton. 

The least annualized cost systems for the garden apartment have no ab- 
sorption chillers . The hot water and steam could more effectively be 
used to meet the steady domestic hot water demand. In addition, the 
non-steady relatively low cooling load (as compared to the store) was 
best met with electric chillers. 

A system with 100% absorption chiller and no electric was designed with 
the purpose of using all of the fuel cell steam output and reducing the 
fuel c. 11 installed capacity due to the reduced electric load. As dis- 
cussed in Section 4.4.2., using 100% absorption chiller may reduce the 
fuel cell installation cost but will cause a net levellzed annual cost 
increase due to a $23,000 per year fuel cost Increase as shown in Table 10. 

An alternative to the two approaches above is to have nearly 100% absorp- 
tion and 100% electric chiller capacity (run 7AA) and to use the absorp- 
tion chiller during high base electric demands and the electric chiller 
during the other periods in order to flatten the fuel cell electric load 
and Improve the thermal performance. The total capital cost Increase, 
however, offsets the substantial ($42,000) fuel cost savings. 

Large amounts of 210®F hot water are available from the Fuel Cell B and 
25 ton absorption units are available that can operate at this temp^ra- 

4t 

ture. These chillers cost $360 per KW (1264/ton) and have a COP of 1200 
lbs HW/ton of ccollng. The system LAC with such a unit is 155,000 com- 
pared to the baseline value of 149,000. 

* Operated with steam at 240“F the cost is $252 per KW, using 210®F water 
the actual capacity drops to 70% of rated. 


TABLE 10 


PmiTKWlNG OF ABSORPTION AND ELECTRIC CHILLERS 
(All Costs In $1,000) 


Retail Store 


Absorption Chiller Capacity 
as a Z of Peak Load 

0 

10 

100 

lOOZ 

Electric Chiller Capacity 
as a Z of Peak Load 

lOOZ 

90 

0 

100 

System Number 

lOBS 

13BS 

17BS 

23BS 

Fuel Cell 

447 

437 

347 

435 

Total Capital 

726 

732 

671 

763 

Annual Fuel Cost 

74 

73 

96 

32 

LAC 

249.2 

249.0 

265.0 

268. 
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4.4.4 Central Storagt (Hot and Cold ) 


Besides the domestic hot water storage (potable water) a larger central 
facility was employed in much of the analysis. In the winter this unit 
stores boiler water for space heating peak load shaving. In the sumner 
the same unit is used to reduce the peak cooling rate through chilled 
water storage. A hot storage (steam) ahead of the absorption chiller 
was considered and found to be economically unfeasible as discussed 
below. 

Steam storage input to the absorption unit may reduce the peak demand on 
the fuel cell size but will not reduce the peak on the chillers which 
must be sized to meet the maximum cooling load. A decrease from a 288 KW 
absorption unit plus 984KW electric chiller (System IBS) to 1-88 KW 
absorption and 735KW electric (System 13BS) is experienced when 378,540 

A 

liters of cool storage is used. This is a savings of $36,100 of in- 
stalled chiller. The total capital cost of cool storage is about $43,800 
for an above ground tank (Insulated to 0.5-7 watt/M^ - *C (0.1 BTU/HR- 
Ft^ - “F). 

Assuming a COP (coefficient of performance) of about .67 for the absorp- 
tlon unit, a steam storage capable of handling about 561 kllogramms 
(1238 lbs) of steam would be required. This amounts to a 484,507 liter 
184 KPA (12 pslg) storage which is larger, pressurized and therefore, 
considerably more expensive than the cool water storage. 

Cool storage reduces chiller installed cost and requires less volume 
than a comparable hot storage facility which does not offer the benefit 
of reduced chiller capacity. Cool storage is clearly more favorable 
than hot storage. 

•k 

About $782 per absorption chiller and $13,980 savings (200 per ton) 
for centrifugal electric chillers. 

** 

378,500 liters at 5.5 C cooling water rise is equlvale.it to about 561 
(1238 lbs) kilograms of 183 KPA (12 psig) steam which is available from 
the fuel cell. 


CENTRAL THERMAL STORAGE EFFECT ON COST 
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An above ground tank insulated to 0-567 watt/M — (0.1 BTU/HR — FT — F) was used. 




The Mlectlon of central storage tank size cannot be done aprlorl. The 
chiller and fuel cell sizes trill be affected by the cool storage capa- 
city. A series of computer runs were made with a variety of cool stor- 
age tank sizes and a minimum of levelized annual cost was sought, the 
results are given in Table 11 for Fuel Cell B. Cool storage for the 
retail store determines the tank size while the warm water for space 
heating establishes the tank size in the garden apartment. 

Similar analyses were performed with Fuel Cell A and C leading to the 
following storage volumes: 

TABLE 12 

SUMMARY OF OPTIMAL CENTRAL STORAGE 
(Volumes in Liters) 

Building Fuel Cell B Fuel Cell C Fuel Cell A 

Retail Store 378,540 378,540 74,550 

Garden Apartment 1,681 1,681 1,681 


Less storage is indicated for the apartment because It exhibits a flat- 
ter load profile and benefits less from storage. 

4.4.5 Domestic Hot Water 

A separate hot water themal storage for potable domestic water was used. 
A heat exchanger was employed between the tank and the fuel cell or 
boiler supply. The demand for domestic hot water in the store was mini- 
mal. Several runs (IIBS, 8BS, 13BS, Volume 2, Section 3.2) with de- 
creasing storage size were run Indicating that the smallest possible 
tank was the optimal. A tank of the 1135 liters equal to approximately 
the maximum two hour draw was considered to the minimal size. Using the 
same reasoning, a 6800 liter tank was used in the garden apartment. 
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In suMMiry, the large hot water and/or steam supply of the fuel cell 
can meet all of the domestic water demand without any substantial stor* 
age. A minimal else domestic hot wster tenk equal to approximately the 
maximum 2 hour demand la used. 

4.4.6 Heat Exchangers 

Steam and/or hot water from the fuel cell can be used with a heat ex- 
changer to supply potable domestic hot water. Fuel Cell B and A supply 
hot water aiul Fuel Cells B and C supply steam so that both water-to-water 
and steam-to-watar heat exchangers were considered. 

Fuel Cell B can provide both hot water and steam but It was found that 
a slightly lower levellzed annual cost was achieved when the water-to- 
water heat exchanger was eliminated and only the steam-to-water unit was 
used to make hot water. 


TABLE 13 

EFFECT OF ELIMINATION OF HOT WATER RECOVERY 



FOR IX»fESTIC 

HOT WATER ON LAC 



FUEL 

CELL B 




Retail 

Garden 

Reference Run 


Store 

Apartment 

12BS, 8BA 

Steam and Hot 
Water Recovery 

$249,136 

$162,533 

13BS, 9BA 

Steam Only 

$249,026 

$162,094 


The final selection of heat exchangers for all of the fuel cells In both 
buildings Is shown in Table 14. 

The stand-alone heat exchangers (outside of the heat exchangers In the 
chiller, boilers and cooling tow«r) are necessary to develop domestic 
(potable) hot water. The cost of these heat exchangers range from $1500- 
$2400 In a system with a total capital cost of $350,000 to $380,000. The 
effect of heat exchanger selection on the system cost Is negligible (.6Z). 


TABLE 1 4 

HEAT EiCCHAMGER SIZE 
KW/*C (BTU/HR*P) 


Building 
Retail Store 


Fuel Cell B 
Steam to Water 

1.96(3.714) 

7.8 (14.856) 


Fuel Cell C 
Steam to Water 

1.96 (3.714) 

7.8 (14.856) 


Fuel Cell A 
Water to Water 

2.0(3.840) 


Garden Apartment 


8.1(15,360) 


4.4.7 H«at Pu«p« 

A water- to><wa ter heat pump could be enployed to boost the temperature of 
the waste heat from the fuel cell. The Mjor benefit of a boost heat 
pump would probably come In raising hot water to stream for the absorption 
heat pump rather than discarding the water during the cooling season. 

The net effect of such a system would be to Incresse energy consumption, 
rather than to reduce it. Figure 11 shows that a boost heat pump would 
require about 3.4 tines as much electricity as a standard chiller. 

Air-to-air or air-to-water heat pumps will lower the annual energy cost 
for both the conventional and the fuel cell supported systems. Since 
heat pumps are not used in the conventional system, they were not em> 
ployed in the fuel cell systems. Further discussion of the potential 
benefits of heat pumps is given in 5.26. 

4.4.8 Cooling Towers 

Cooling towers are an important element in the total system. Cooling 
tower fan power can an»unt to $112 to $413 of electricity per year in a 
typical application (System 2A and 2S) and will vary with the size of 
Che chiller and percent of part load. The cooling tower size is estimated 
automatically to meet the maximum output of the chiller. 

4.4.9 Auxiliaries 

Fan coll units, cabinet units, air handling units, and circulating pumps 
are all sized to meet the maximum demand. The electric power necessary 
to drive Che auxiliaries Is provided by the fuel cell. 

4.5 Advanced Components Study 

In connection with the exploration of system economics with a variety of 
available HVAC components, several components likely to be available In 
the future, and offering Improved performance characteristics were examined. 








Two significant areas of component improvsment specifically related to 
fuel cell systems are: 

e High Efficiency Absorption Chiller 
e Battery Storage 


High Efficiency Absorption Chiller 

Present absorption chillers have a COP (coefficient of performance) of 
about .67 for normal steam input. Improved absorption chiller COP has 
been the focus of several development programs designed to stimulate 
solar cooling. A recent paper study (Ref. 5] suggests that a COP 
of 1.0 can be achieved using ammonia-water in a double effect absorption 
unit with regenerative heat exchange added between the first and second 
stage generators. This would reduce the steam demand from 2.3 KG/KW (18 
Ibs/ton-hour) to 1.5 KG/KW (12 lbs/ ton-hour) . 

An absorption chiller could be developed that would approach the prac- 
tical limit of efficiency. To estimate this COP one can draw on thermo- 
dynamic fundamentals that express the COP of an absorption unit as 
the product of a power cycle COP and a refrigeration cycle, COP, i.e.. 


COP (Absorption) ■ COP (Power) x COP (Refrigeration) 

The technical limit would be: 

Technical Limit ■ .45 x 4.5 (without cooling tower, pumps, fan 

distribution) *2.0 


Assuming no capital cost increase over a conventional absorption chil- 
ler the effect of the double effect - regenerative chiller and technical 
limit units is shown in Table 15. 


B«tf ry 

Without cloctrlc utility grid connoctlon* backup fuel call aoduloa are 
needed. Theae ralae the coat of the syatm without contributing to 
the energy aavinga. In additimi, the fuel calls nuet neat the peak 
electric danand of tha building with additional genarating capacity. 
Electric storage would reduce the fuel call site raqulreaant and could 
improve the ayatea economics. For tha purpoaea of thia atudy a simpli- 
fied model of battery storage has been used. The bettery is chazac- 
terixed by a charge efficiency and cost par KWH. In addition, an 111 
oversixing has been applied to prevent cospleta diacharge and poten- 
tial problems that would causa. Several battery types possibly suit- 
able for this application are summarixed in Ts’^le 16. These Include 
available batteries (Lead-Acid) as well as advancau batteries under 
development. The range of costs arc $50 to $100 per KWH with round 
trip charge efficiencies from 65 to 75X. 

These battery concepts achieve increased capacity with increased cell 
size, hn alternative approach is the Redox concept developed by NASA- 
Lewis in which a small cell stack is used and the elactroytic solutions 
are actively pumped through it. Charge separating is achieved with a 
novel ion selective membrane. The electric storage capacity is in- 
creased by introducing more fluid in larger storage tanks. A Redox unit 
cost has been estimated at $*0 per KWH exclusive of site preparation, 
and electric connection costs. We have assumed that the installation 
cost of this battery would be shared by the fuel cell (electric panel 
installation) and central storage (pad preparation) installation cost. 

An analysis of the effect of battery storage (Redox) was performed with 
a $50 per KWH cost, a 75X round efficiency, and a 5Z operating and main- 
tenance charge. The results of the analysis are suatmarixed in Table 17. 
These figures reflect an electric control strategy in which an attempt 
is made to operate the fuel cell at a fixed level. A parametric study 
was performed to establish the level that produces the lowest LAC, in 
connection with a series of battery sixes. 


EFFECT OF ADVANCED CHILLER ON SYSTEM ECONOMICS 
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TABLE 16 


BATTERY CAMDIDATES 

Cost in Dollw Pt KVW (1976) 



Round Trip 

ADL-1960 
[Ref. 6] 

UL-1979 (Ref. 7) 



Charge 

Efflclsttclss 

i/KC 

■ 

' — 

$/KWH 

Lead Acid 

70 

60 

3 

42 

78 

Zinc Chlorine 

65 

16*43 

10.8 

100 

118 

Sodium Sulfate 

70 

16-32 

5.4 

110 

54 

Lithium Iron Sulfide 

75 

22-32 

9.4 

110 

93 


Sources: ADL yet to be published report to DOE on Distributed Energy Systems, 1980. 


Energy storage systems for automotive propulsion: 1979, Study - Volume 2 

Lawrence Livermore Lab, raised by lOZ to 1978 dollars. 


The battery vlll altiaya incraaae two tlawanta of coat: 

a oparatini and ■alntanaace coat (additional $1,000 to $17,000 
par year) 

a full consuaiptlon coat 

bacauaa the O&M coata arc fixed to the KWH output of the fuel cell and 
not Ita alae, and the battery haa a 2SX eloctrlc energy loaa. Thla altu- 
atlon would be changed In a building with a non-atcady chcraal demand 
profile alallar to the electric deoMnd but with the peaka occurring In 
the Intervening houra. The battery doea lo%»er the ayatem capital coat. 

With battery atorage, the electric demand on the fuel cell la reduced 
and ao la the thermal dlachargc. An aiuclllary boiler waa eaaentlal In 
the apartment to make up the remainder of the domeatlc hot water demand. 

4.6 Cuatom Componenta 

At the outaet of the program we found that ateam fired abaorption chil- 
lers were available In these limited capacity ranges: 

Single Effect COP - .66* 10 to 88KU (3 to 25 tons) $/KW - 252 

Single Effect COP - .66* 352 to 1355KW (100 to 385 tons) $/KW - 171 to 78 

Double Effect COP - i.l* 1355 to 3730KW (385 to 1060 tons) $/KW - 

109 to 80 

A 176KW (50 ton) double effect absorption chiller was Identified as 
dectrable. A cost per KW of $109 typical of double effect chillers or 
about 39Z more expensive than a comparable size single effect unit was 
u.«<^d (Reference Run 14BS). This amounted to about $17,275 added capl- 
t.U cost. As noted In Table 18 the fuel cost savings of $60 per year 
waa not sufficient to offset the added coat, and the LAC Increased with 
the custom component. 


* 


Not Including cooling tower power. 


EFFECT OF BATTERY STORAGE ON SYSTEM LAC 





TABLE 18 


BmCT OF A CUSTOM 176 KW (50 TOW) DOUBLE EFFECT 
ABSORPTIOH CHILLER OH f ERFOEMANCE 


(RETAIL STORE ) 


C»8e 

Reference 

Run 

Absorption 

Chiller 

Slse 

COP 

Level 1 zed 
Annuel 
Cost 

Capital 
Equlpt . 
Cost 

Annual 

Fuel 

Cost 

Basel ine 

9BS 

176KW 

.6 

$250,686 

$742,354 

$72,472 

Custom Double 







Effect Chiller 

14BS 

176 KU 

1.0 

$250,392 

$740,835 

$72,531 



5. FINDINGS AHD KCOHMENDATIONS 


The purpose of this study is to evaluate the lapact of available and 
soon-to^be-available heating, ventilating and air conditioning cooponents 
on the overall on-site Integrated fuel cell econ<wlca, and to identify 
policy and technical alternatives that could laprove the econosd.cs and 
custmMr-acceptance of these systeas. 

A comprehensive analysis of nurcrous system designs discussed in the 
forgoing chapters identified proedsing system designs and the sensitivity 
of the system performance to key design variables. In this next chapter 
we shall sumstarize the findings and make recosssendations based on the 
sensititlvity analysis. 

5.1 System Performance 

Components selections based on the analysis presented in Chapter 4.0 
led to system designs matched to the building load and the fuel cell. 

The systems with the lowest levellzed annual cost* for each fuel cell, 
with and without boiler backup are sunanarlzed in Tables 19 and 20. Sys- 
tem diagrams of all 10 systems are given in Volume II. A system diagram 
of the lowest levellzed annual cost system (lAA)and a competitive conven- 
tional electric system are given in Figures 12 and 13 for illustration. 

Using levellzed annual cost as the figure of merit, all of the fuel cell 
based systems in the residential application are better alternatives than 
the all electric conventional system, but none are better than the con- 
ventional gas heated/electrically cooled building. The fuel cell systems 
have 3Z and 12Z higher levelized annualized costs than the gas heated 
building for the economic parameters given in Section 4.2. To test the 


Levellzed Annual Cost (LAC) is the total owning and operating cost of 
the system including interest on borrowed capital, fuel cost, insur- 
ance and maintenance. 


RESIDENTIAL SUMMARY 



Coo^onents cooprislng the system are given In Section 4.4 - Table 4A thru 4F. 

See Section 4.2 for an explanation of Levelized Annual Cost and Internal Rate of Return Compared 
to Conventional Electric. Section 3 of Volume 2 provides the complete financial analysis o 
each system. 



RETAIL STORE S 



See Section A. 2 for an explanation of Levelized Annual Cost and Internal Rate of Return coapared 
to Conventional Electric. Section 3 of Volume 2 provides the complete financial analysis of 





FIGURE 12 






FIGURE 13 







crcdibilUy of cheoc dlfforoncoo a brief eenaitivlty analysis was per- 
formed on the key econMlc pameters. The bSMline values of the vari- 
ables tfere: 

e System Reliability - A 3 hour per 10,000 hour maximum outage 
criteria was used throughout the study. 

e Fuel Cell Cost - The capital cost of the fuel cells provided 
by NASA are suaaMrised in Table 2. 

e Cost of Capital - A 20Z before tax cost of capital was used. 

e Fuel Escalation Cost - .6Z electricity; 2.4Z gas. 

The results of the sensitivity analysis are susmiariaed in Table 21. 

As this table shows, fuel cell cost and cost of capital have the largest 
effect on the levelized annual cost. A 2SZ variation in either of these 
values produces a 2 to 4 percentage point change in LAC savings. The 
effect of a 2SZ change in electric escalaticm cost raising it to .75 re- 
sults in a 1 to 2 percentage point savings in LAC. As the electric esca- 
lation cost though is still but 1/3 of the gas escalation cost, substan- 
tial incresses in the electric escalation cost could be envisioned for the 
future when gas costs reach equivalent electric prices. Marginally compe- 
tive systems (lAA, 5CA) become clearly competitive with either a 25Z re- 
duction in fuel cell capital cost or cost of capital (from 20Z to 15Z 
cost of capital). 

These results reinforce the Importance of developing consistent and 
credible fuel cell capital coats for feasibility analysis. In addition, 
attention should be given to qualifying the fuel cell system for con- 
ventional commercial loans at or near the prime lending rate (less than 
13%), by convincing the financial conntunity of the demonstrated relia- 
bility and fuel cost savings of the on-site fuel cell system. Projec- 
tions of gas and electric escalation rates should be updated and incor- 
porated in future studies. 




100 


TABLE 21 

ECmtOMlC PARAMETERS SENSITIVITY ANALYSIS 
PERCENTAGE SAVINGS IN LAC OVER CONVENTIOWAL GAS 



5.2 Coroonut Analyili 

5.2.1 S*Mltivity Analyla 

Tha affect of coaponant aalaction on tha two kay aaaauraa of performancv: 

a Energy Coat Savings 
a Levalisad Annual System Cost 

was axnlnad In a sensitivity analysis. Tabla 22 summarises tha affect 
of coiq>onent selection on anargy cost savings aid Table 23 gives the 
effect on levalisad annual cost. 

5.2.2 Fuel Call 

Though its isq>act is dependant on the type of financing and ownership the 
fuel call power plant cost Is the single most important component cost in 
determining the attractiveness of on-site fuel call systems. Numerous 
cost projections have been made for the different types of fuel call po- 
wer plant designs and these have bean reflected in the power plant costs 
used in this study. The average (5(NCU) fuel cell power plant Installed 
cost is between $16,000 and $23,000 ($300 per kilowatt) in the systems 
analyzed in this program. These costs are designed to reflect expected 
unit costs in production voIusmps of approximately 10,000 to 100,000 units 
per year [Reference 8]. Today's prototype unit costs are estimated to be 
approximately 1,500 dollars per kilowatt representing a substantial chal- 
lenge to reduce the fuel cell unit costs [Reference 8]. Achieving the 
fuel cell power plant cost levels projected for the future should be con- 
sidered a priority program goal. In addition, reducing the added opera- 
ting and maintenance cost of $10,500 per year for the fuel cells would 
have a substantial effect on the annual operating cost (about $50,000 per 
year) of the system, particularly when load leveling thermal or electric 
storage is employed. The operating and Mintcnance costs are based on 
delivered KVm and while load leveling will reduce the installed capacity 
required tne annual KWH of the fuel cell is greater as was shown in Taole 
17 for battery load leveling. 



PERCEMTACE SAVIHCS IW LEVELIZED AWTOAL COST 
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Fuel Cell C offers the lergeet ennuel enerty eevinge (Table 24) of 
the three fuel cella cMaidered In both the retell atore and the garden 
apartamt, and had the beat overall levellied annual operating coat In 
the atore becauae of Ita ability to produce ataan for cooling and Ita 
lower projected oapltal coat. Both hot water Md atOM can be uaed ef- 
fectively In bulldlnga with ai^etantlal doeeatlc hot water and heating 
loada. A ataae aource fuel cell (C) la preferred In the retail atore 
becauae ateaa can be Inexpenalvely ($1*200 naxlaua coat heat exchanger) 
converted to hot water whenever Meded, and ataae can aore effectively 
power abaorptlon chlllera. Hot water abaorptlon chillera are aore 
expenaive than ateaa fired chlllera (360 $/IW va 252 $/KH) and have lower 
efflclenciea. 

Fuel Cell A waa the beat pick for the apartaent becauae ateaa la not aa 
critical to the ^artaent and Fuel Cell A la available In 2(HW alee 
aodulea while Fuel Cell C haa a lOOKW aodule alnlaNia. The electric load 
could be Batched better with the aataller aodulea. Fuel Cell B had the 
hlgheat unit coat and loweat efficiency end waa not the pick for either 
building. Aa ahown In Table 23, chooalng Fuel Cell A or C over B aavea 
9 to 102 levellzed annual coat. 

In general. Fuel Cell C (all ateaa, advanced technology) la preferred 
becauae of ita lower cost and higher overall efficiency (Table 2). How- 
ever it is Halted to a lOOm nodule alnimia and thia la a diatinct 
dlaadvant.ige in a stand-alone system where redundancy is required. Fuel 
Cell C also haa the highest outage rate. These two factors conbine to 
causa the systeae with Fuel Cell C to require about 46X higher capacity 
than the otlter fuel cello in the apartaent, which are available in more 
optimal 20KW modules. Fuel Cell A, the next lowest cost type then be- 
comes the best choice for che apartaent which does not require steam for 
the chillers. We reconmend further attention to be given to the devel- 
opment of lower minimum modules sizes for the advanced fuel cell when 
designed for stand-alone systems requiring redundancy and to lower the 
forced outage rate to that of the other fuel cells. 


TABLE 24 




RESIDENTIAL 
BUILDING 
ANNUAL FUEL 
COST 


Conventional Electric 

129,030 

122,360 

Conventional Gas 

119,910 

85,190 

A 

75,610 

48,800 

A with auxiliary 
boiler* 

101,170 

49,450 

B 

73,040 

49,500 

B with auxiliary 
boiler* 

96,080 

49,750 

C 

57,790 

41,460 

C with auxiliary 
boiler* 

77,030 

42,340 


ANNUAL FUEL (NATURAL GAS) COSTS 
in 1978 Dollars 


FUEL CELL 


RETAIL STORE 
ANNUAL FUEL 
COST 


Auxiliary boilers discussed in Section 4.4.2 were used to reduce the 
demand on fuel cells in an attempt to reduce total system installation 




Cooling f«nt ar« Intagral Co tha fual call and aanaga waata heat not uaad 
by cha HVAC ayatea. Tliaaa fana and aotora add coat to tha fual cell both 
aa purehaa«) parta and aa they raqulra addltlmial c^inatry and amtmting 
hardware. Baaed on our analyaia \fO raco aman d that further atudlaa conai- 
dar alinlnattna a fraction of thaaa cooling nodulaa aa they are radundant 
with tha cooling tower capacity. During high therawtl deoMnd perloda the 
cooling amdulaa are Idle and during low tharaal denand perloda there la 
probably apare HVAC cooling tower capacity to handle aone of the fuel 
cell load. 

5.2.3 Building Selection 

Buildings such aa the garden apartment with relatively high domestic water 
usage and flat load profiles are more conducive to stand-alone fuel cell 
applicationa than buildings such as the retail store which Is dominated 
by high non-steady cooling demands. Other buildings such as: 

e Hospitals 
a Restaurants 
e Fast Food Stores 
e Central Kitchens 
e Food Preparation Centers 
s Factories 
e Process Applications 
e Food Processing Plants 

may be even more attractive applications. 

Measuring the desirability of a building type by simple figures of merit 
of the Integrated ratio of thermal to electric demand to the fuel cell 
thermal to electric output are useful initial screening measures. How- 
ever, it quickly loses its relevance when the system designer is attemp- 
ting to reduce the annualized system cost below the level of conven- 
tional system. With the peak load imposed by the cooling demand and the 
cost penalty of absorption chillers, the integral thermal to electric 
measure can be misleading. The steadiness of the demand is as important 
us the matching of the thermal to electric ratio. Selection of appro- 


private bulldinga for on-alte fuel cell aysteBB ahould be predicated 
on the baaia of the quantity and teaq>eratura of therauil energy and the 
ateadineaa of the theraal and electric loada. We recoaMnd that a fl- 
gulre of Merit be developed reflecting theae Maaurea of adaptability 
lit fuel cell ayatttaa. The approach ve recoaeMnd la to hypothealte gen- 
eric load profiles that characterise major building typea and test the 
system performance of the building In the system computer sutdel. A 
series of thermal and electric relations can be developed which point 
to the best type of buildings for on-slte fuel cell systems. 

5.2.4 Thermal Storage 

Thermal storage for domestic potable hot water Is clearly necessary as 
a result of the non-steady nature of water draws. In general, the amount 
of thermal storage Is equal to a few hours of average hot water with- 
drawal. 

Large central thermal storage for space conditioning should be consi- 
dered when the building load Is donlnated by a non-steady function such 
as space cooling. Though the store requires about twice the Installed 
fuel cell capacity as the apartment, (about 700KW versus 400KW) the 
optimum size of thermal storage for the retail store Is about 100 times 
greater than In the garden apartment due to the non-steady nature of the 
building load for systems without electric grid connection. The amount 
of thermal storage needed Is likely to change If grid connection Is pro- 
vided. 

This study clearly Indicates that cool water thermal storage Is prefer- 
red over high temperature storage for the absorption air conditioner. 

Cool storage Is highly desirable In connection with absorption chillers 
Independent of remainder of the system. Cool storage ($45,000) can re- 
duce the absorption chiller capital cost In the store by about $36,000 
and the fuel cell size by $38,710 saving a net $23,000 of capital equip- 
ment . * 

* The equipment savings Is $30,000 but there Is an additional $7,000 of 
piping, pumps and controls cost for the storage. 


Central tlienaal etoroge (cool storage in the auaner and warm storage In 
winter) offers savings of .4 to 2Z in energy (Table 22) and 1 to 4Z in 
levellsed annual coat. The aaln benefit ia a reduction in fuel cell 
and chiller installed capacity. 

Although iaproved thermal storage Insulation %rould further reduce fuel 
consmption It would not appear to be an area needing attention. Fully 
eliminating thermal storage jacket losses for the large 378,540 liters 
has tlM effect of reducing the levellsed annual cost by .02Z from $250,382 
tc $250,319 (System 13BS and 30BS). 

5.2.5 Absorption Chillers 

For nearly all of the systems considered in the retail store, an optimum 
partitioning of lOZ absorption chiller capacity to 90Z electric chiller 
capacity was indicated (Table 10, Section 4.4.3). This arises from the 
amount of waste heat available, the difference in chiller capital cost 
per ton and the large difference in COP between these two units. 

No absorption chillers were indicated for the apartment. The available 
steam could be best used to meet the steady, high domestic hot water 
demand . 

Improving absorption chiller efficiency at no change in cost will save 
between $17,000 to $34,000 in levellzed annual cost (LAC). Achieving 
the higher COP levels of advanced absorption chillers will benefit fuel 
cell systi'ms and is strongly encouraged. 

A substant ial part of the chiller cost is In the cooling tower and this 
cost could possibly be decreased slightly through system integration with 
the heat rejection equipment contained in the fuel cell. By judicious 
system design, the absorption chiller and fuel cell could share the same 
heat rejection cooling tower equipment and reduce Installed costs. 


5«2.6 Auxiliary Bollera and Alr-to-W>t«r H— t Pumh 

Auxiliary boilers can reduca the levellaed annual cost whan there la 
aubatantlal hot water or heating doMnd In excess of the themal dis- 
charge of the fuel cell when aectlng the base electric load. Operation 
of the auxiliary hollar to power an absorption chiller to displace elec- 
tric deaand for operating the electric chiller Is not Indicated to be 
cost effective. The problem «rlth this approach lies in the capital 
cost of absorption chiller and not in the auxiliary boiler. The addi- 
tional install^ absorption chiller capacity to be powered by the auxi- 
liary boiler and fuel cell Is a substantial capital cost Iten and off- 
sets the minor cost savings from reducing Installed fuel cell capacity. 
Auxiliary boilers should be considered when there Is a substantial heat- 
ing demand beyond the thermal energy available from the fuel cell to 
meet the base electric plus chiller demands. 

Alr-to-vater heat pumps were not Included as a balance-of -plant compo- 
nent because it was felt that they offered no Intrinsic advantage to the 
fuel cell basic system and as such would benefit the conventional building 
equally. This argument can be Justified in light of the effect of the 
auxiliary boiler on the system. The heat pump essentially offers a 
very high heating efficiency to both the conventional and fuel cell sys- 
tem. However, there is sufficient hot water and steam generated by the 
fuel cell for heating to make the heat pump energy savings contribution 
relatively insignificant. The primary function of the heat pump would 
be in the cooling mode where it would have to compete with a low cost 
high efficiency electric chiller supported by an absorption chiller 
sized to use waste heat from the fuel cell. Substituting a heat pump 
for an optimized electric/absorption chiller combination is likely to 
Increase the levellzed annual cost of the fuel cell based system and 
reduce the levellzed annual cost of the conventional system. Confirma- 
tion oi this argument should be undertaken as part of future studies. 


5.2.7 B>tt«ry Stor»£e 

Battery storage (at $50 per KWH) for stand-alone on-slte fuel cell sys- 
tems offers a reduction in levellzed annual cost. Som of the battery 
storage benefit Is offset by the fixed charge (base on KWH output tihlch 
Is not reduced) for the operating and maintenance cost of the fuel cell. 
Though the net system capital cost reductions range from $9,000 to $36,000 
(Including the added $50,000 for battery storage), the fuel cell opera- 
ting and maintenance (0/M) charge increases range from $1, 765/year to 
$2, 170/year based on the present technique for estimating fuel cell O/M 
costs as a function of delivered KWH. As recmnmended earlier (Section 
5.2.1), new and reduced O/M charges for the fuel cell should be sought. 
These charges should be changed to reflect the benefit of load leveling 
on operating/maintenance costs for the fuel cell. 

If there Is a necessity to maintain the stand-alone power plant feature 
(no electric grid connection) then battery storage Integration with the 
fuel cell power plant should be considered. Efforts should be directed 
at developing shared electric control panels for the battery and fuel 
cell, and the effect of battery storage on fuel cell operating and main- 
tenance costs should be exeunined. More refined battery installation costs 
should be developed for this specific application. 

5.2.8 Automated Energy Management Systems 

Automated Energy Management Systems (AEMS) should be considered for all 
fuel cell applications. Typically, an AEMS system will cost from $5,000- 
$30,000 depending on the number of devices it must control, and it will 
provide : 

e Peak load shedding 
e Optimal start /stop of HVAC equipment 
e Enthalpy controlled ventilation 

Tlie peak shedding is done a predetermined priority use basis and can sub- 
stantially reduce the peak electric demand. A conventional HVAC system 
would benefit from load shedding by reducing the demand charge but the 


net savings would probably not be as such as the on-alte fuel cell sya- 
tem. In this study no demand charge was made against the conventional 
systeh and the net effect of an AENS would bo the substantial capital 
cost savings to the fuel cell ajstem as the conventional and fuel cell 
systems would probably benefit equally from the optimal atart/stop and 
enthalpy control function. If the AIMS system could limit the apartment 
to a 200KW base load (System 8AA) a $68,000 savings In fuel cells cculd 
be achieved. 

We recommend that a study be conducted with AEMS/fuel cell systems ac- 
counting for the demand charge on the conventional systema. We regard 
this as a high priority recommendation as It could substantially Improve 
relative fuel cell econosilcs. 

5.3 Business and Policy Recouiendatlons 

5.3.1 Ownership and Financing 

Power plant ownership Is a central question to the future of fuel cell 
utilization. Ownership could be In the hands of a number of entitles 
not limited to the following: 

# Gas and/or Electric Utility 
e Building Owner (If not the Developer) 
e Developer 

e Separate Leasing Corporation 

The ownership will effect many of the aspects of the system Including 
the Issue of utility grid connection and financing of the power plant 
as discussed In this and the following section. 

5.3.2 Utility 0%rtiershlp 

The fuel cell power plant could be owned by the local gas or electric 
utility and along with potential benefits a number of complex Issues 
arise. The TARGET (Team to Advance Gas Energy Transformation) project 


Identlfietl (Reference 9J gee utility ownership as Che superior owner- 
ship alternative. 

Utility ownership may broaden the financing options to the builder and 
would certainly lower the capital Investaent raqulreaent of Che building 
owner. The utility would gain revenues from the operstlng and tulnten- 
ance as the* rental Income on the equipment. Hoirever, these advantages 
may be offset by other business considerations: 

s Electric grid backup 

s Revenues to the builder (5.3.3) 

Gas utility power plant ownership makes electric grid connection backup 
arrangements unclear. The public policy and financial risk Implications 
of such an arrangement should be Investigated. 

A grid connected electric utility owned fuel cell power plant concept 
was examined by Westlnghouse [Reference 11] In which 10 different stra- 
tegies for load shedding were considered. Their findings indicate that 
a grid connected fuel cell system will benefit the electric utility If 
on-slte generating strategies are employed that improve the utility 
load factor. Westlnghouse suggests that electric utility ownership of 
the fuel cell power plant would encourage grid connection, as the fuel 
cell would be managed by the electric utility. This arrangement would 
have the benefit of consolidating the system-ride and local cost/benefit 
of the fuel cell in cne entity - the electric utility. Credits for re- 
duced central plant generation, and transmission cost would be figured 
Into the monthly utility charge along with operating and maintenance 
cost. 

The benefits of these types of arrangements on the building owner will 
be minimal. The building owner would pay energy costs to the utility 
and pass them along to the occupants and unless these energy costs are 
lower than the local cost of energy available on the grid the building 
owner makes no profit on the system and has no Incentive to take any 
risk In connection with It. 


Alt«tn*tiv«ly th« utility could rotaln oimorolilp of tha fuol coll and 
lauaa It to tha davalopar. In tula arrangawikttt tha davalopar could bana- 
fit from tha control of tha powar plant but Mould not taka tha aaaa laval 
of rlska (aaa Sactlon 5.3.4 - Rlaka) aa an ounar. Ona araa of concarn 
to the davalopar la tha long-tam availability of natural gaa naadad 
for the fuel call. Tha uncertainty of natural gaa aupply and coat cou- 
pled with future ragulatlona aattlng tha priority of gaa uaara nakes an 
invaatottnt in the fuel cell a high rlak undertaking. Innovative leasing 
arrangements could abate sosw of these risks. 

5.3.3 Developer Ownership 

The developer could own tha power plant and work tha operating cost and 
capital charge into tltc rent basis of tha building. Tha davalopar would 
assess the cost of tha plant, add a profit and compare this charge to 
the local electric utility charge. If tha fuel call coat plus overhead 
and profit are competitive then this would be part of tha advertised 
rent base when space Is being sold. While tha davalopar must perform 
the financial analysis, a rallable and relevant sat of financial data 
must be made available. This should be a principle function of future 
fuel cell development work. 

A developer of a retail store, garden apartment or other medium slse 
building would view the on-site fuel cell power plant as a financial 
risk (Section 5.3.4) independent of ownership and whether or has elec- 
tric utility backup. It is a developing technology and Its prasance on- 
' te, may bring unforeseen problems. In this light, a developer Is 
likely to accept the risk if there is a profit to ba gained. Utility 
ownership of the fuel cell would eliminate the potential for profit, 
and lessen the attractiveness to the developer. Utility ownership is 
not clearly the superior approach in all cases, and Is likely to be the 
less attractive approach for most large buildings (over 100,000 sq.ft.). 


The practicality of developer owncrahlp can be aeon more clearly when 
the fuel cell capital coat la given n percentage of the HVAC coat. 

Table 25 ahowa that the fuel cell la about 30Z of the HVAC capital coat, 
which ia even a analler fraction of the entire building project coat. 
Therefore, the fuel cell coat repreeente a relatively amall portion of 
the total project cost. 

Fron the developer standpoint there are three distinct aspects to a 
financial analysis of products like fuel cells: 

e The actusl cash-flow attributable to the product 
e the Beans, and cost, of financing the project 
e and, the options for changing either the cash-flow or the 
financing cost to encourage the project. 

For a comprehensive understanding of a projects financial implications, 
It is import- ant to keep all three of these aspects separate. Very dif- 
ferent analytic methods and criteria are used in evaluating projects in 
different classes of buildings and the implications or appropriateness 
of any scheme can only be determined by the developer from the basic 
cash-flows and financing methods. 

Cash Flows 

Typical cash-flows Involved in analyzing real estate and energy related 
projects are: 

e Initial incremental capital cost 
e Energy saved BTU's and dollars 

e Incremental operating costs (excluding financing costs) 
e Repair and maintenance costs (Incremental) 

# I’roperty taxes (if applicable) (incremental) 
e Depreciation (incremental) 
e Income Taxes (incremental) 
e Investment Tax Credits (incremental) 


TABLE 25 




PWER PLANT SHARE OF COST 




System 


Fuel 

Fuel 



Capital 


Cell 

Cell as a 



Cost 

Piping * 

Cost 

X of Total 

lAA 

Apartment 

185,365 

180,500 

170,500 

32Z 

ACS 

Store 

314,191 

651,000 

378,662 

28Z 


Although piping costs are a large fraction of the total system, the 
comparative economics analysis and all Levelized Annual Costs reported 
in this report (Volume II, Chapter 3) do not Include the piping cost. 
Only about $14,000 of piping cost may be attributable to the system 
designs considered in this study and the remaining 92 to 9BX of the 
piping cost remains constant and is considered as though it were part 
of the invariant building structure cost. 
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Care should be taken with IncosM taxes, Investment tax credits and de- 
preciation as they can differ substantially between investors, types 
of buildings and types of projects. 

Financing Methods and Costs 

There are two basic methods of financing this type of project, excluding 
outright purchase by the o%mer using existing equity; the options are: 

e Leasing from a utility or leasing company 
e Purchasing with a bank loan 

Under leasing, certain of the tax and depreciation benefits are trans- 
ferred to the lessor and some financial beaeflts are obtained by the 
lessee, whose requirement for up front cspltal Is eliminated. These 
can have a substantial effect on the economic attractiveness of the 
project. Wit '.in a purchase, there are a nuo^er of debt versus equity 
mix assumptlo'is which effect the after tax return to the developer. 

It Is likely tliat the conventional sources of development financing will 
view the power plant as outside of the normal rentable space and are 
likely not to provide a loan to the developer for the power plant. His- 
torically the Lender looks at the base rent and would not Include the 
extra cash flow from Che power plant In evaluating the loan. The devel- 
oper may have to use equity or look for a higher Interest rate loan. 

This barrier may be overcome by subsidies. 

e Financing cost subsidies 

- interest subsidies 

- loan term alterations 

e CaHh-flow Kiibsidies 

- tax deductions or credits 

- accelerated depreciation 

- annual operating subsidies 

Each of these different incentive techniques will show different results 
depending upon the type of financing method employed and the type of 
building owner involved. 
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S.3.4 Rink! 


The d«v«lop«r vl«wH the rlak of a fuel call baaed power plant in Ita 
effect on the entire buildln| project. If the fuel cell falla it would 
threaten the entire project affectlnit tena of ■illlona of Inveatnent 
dollara. Until the fuel call la ahown by deaonatratlon to be totally 
reliable a developer would require a co^^lete backup capability - full 
power grid connection. Ihla would greatly reduce the attractlveneaa of 
the ayatem alnce the utility would charge a aubatantlal acmthly atandby 
charge to the project. 

Increaaed liability Inaurance could reault from the fuel cell Inatalla- 
tion even If the fuel cell Is tecluilcally as aafe as a conventional 
boiler. The Increaaed coat cones fros the limited historical experience 
with fuel cell Inatallatlmis which la likely to cause Insurance coim>an- 
ies to view the equipment as a higher than normal risk. 

Ai\other risk Identified earlier (Section 5. ).2) is the availability of 
fuel. This can be somewhat mitigated as thi multi-fuel capability of 
the fuel cell is expanded. However, In the near term, the dependence 
on natural gas raises the risk of supply Interruption. 

Finally, developers are exposed to the risk of not negotiating satisfac- 
tory electric grid backup with electric utilities that are not also pro- 
viding natural gas. 

5.3.5 nOE Policy 

T)ie Department of Energy policy regarding 40KW on-slte fuel cell systems 
will liave a direct bearing on most of the lasues identified In this chap- 
ter. Tl>f quoM'. Ions of fuel cell development and balance-of-plant compo- 
nent development can be accelerated with DOE Involvement and sponsor- 
alilp of programa. Fuel cell ownership, particularly with utility owner- 
ship, will Involve DOE regulatory decisions of considerable Importance. 
Government tax Incentives could aiake private ownership of fuel cell power 


plant* More InvlctnK to the developer or building owner. iSovernment 
eupport to utllltlee or private conpaniee that would own end operate 
the power plenta for the building owner ehould aleo be coneidered. 

Theee ereoe will require additional analyele before a fire policy recoM* 
Mendetlon could be developed for IXX. 

DOE ehould eetoblleh a clear, long-term fuel eupply ecenerlo for the 
fuel cell. The flrat generation fuel cell will be based on high pri- 
ority natural gas which is likely to cause any Investor greet concern. 
CoBBMrcial building developers hove confronted the coMplex end volatile 
issue of natural gas availability for a uvmhmx of years and are reluc- 
tant to make large capital investaencs in equipment with a 30 year life- 
time which is dependent on a specific fuel source with an tmcertain fu- 
ture. DOK must offer the investor a ressonnble level of security that 
fuels adequate to power the fuel cell will he availeble for the near 
future. 

Lastly, a field demonstration of 10 to 100 large projects using on-site 
fuel cells is needed. A developer or Investor requires proven relia- 
bility and fuel cost savings before they would support a fuel cell in- 
stallation. 

5.3.6 S ui i anary Recomnendat ions 

The following section highlights the key techr.^cil, financial and policy 
recoamend.it ions derived in this study. Most of these recomaendations 
arc discutiscd In detail in the foregoing section, sosm are corollaries 
or extensions and are presented without further developaent. 

Fuel Cell ■ 

s Concentrate on the development of accurate Installed cost 
projections for tite fuel cells. 


• Develop cost eeving deelgns by sharlag houelng fecllltles, 
controls end cooling towers with the BOP components. 

e Continue to develop advanced steam source fuel cells and tar- 
get lower minimum module size (to the 2(HCW level) for appli- 
cation in stand-alone systems requiring redundancy. 

Building Self:ctlon 

e Examine Internal rate of return for fuel cell systems In a 
number of building types In different climatic zones. 

e Develop a figure of merit reflecting; building thermal to 
electric load ratio and steadiness of load for use In selec- 
ting appropriate sites for fuel cells. 

Auxiliary Boilers 

e Auxiliary boilers are not indicated as beneficial for any 
system. 

Automated l iinergy Management Systems (ASMS) 

e Conduct a study with an AEMS/fuel cell system in comparison 
with a standard building with an AEMS unit. 

Battery Electric Storage 

e For stand-alone systems requiring reliability comparable 
to grid connected system, battery storage may be beneficial. 
More accurate battery/system costs should be developed. 

Heat P umps 

• Am alr-to-water heat pumps gain in market acceptance and 
become an accepted element of standard building, HVAC sys- 
tems, the alr-to-water heat pump should be factored into 
the fuel cell system. 


• Evaluate the c(»iparatlve leveliscd annual cost of alr-to- 
water heat punps for both fi^l cell and conventional systems. 

Thermal Stnraae 

e Thi-mal storage for domestic hot water is necessary and can 
be met with minimal volume. 

e Large central cool storage should be considered for all 

buildings dominated by the cooling load. Hot storage (pres- 
surised) for absorption cooling is not recoasaended. 

e Techniques for properly sizing thermal storage should be 
developed . 

e Improved insulation technology is not necessary. 

Absorption Chillers 

e Extreme care should be given to the proper sizing of the 
absorption chillers - electric chillers ratio. 

• Development of high efficiency absorption chillers (1.8KW/ton) 
is recommended. 

a Absorption chillers arc not recommended for all systems. 
Apartment cooling loads are best met with electric chillers 
only. 

L'i'lL C ell t ' vmership 

• Develop meaningful financial criteria to determine the do- 
siiablo ownership strategy based on real building develop- 
or/builder business goals. 


• Develop cost/beneflt enalyeln of different ownership sce- 
narios with and without electric utility grid connection. 


Financing Recommendat ions 

e Focus efforts on qualifying fuel cell system for conven- 
tional commercial loans at or near the prime rate (less 
than ISZ). 

e Develop grid connected system economics considering: 

- fuel cell redundancy 

- full backup 

• Evaluate cash flow in several locations using local gas and 
electric rates and develop a system portfolio designed for 
the building developer. 

e Develop consistent and credible fuel cell installed costs. 


6. REFERENCES 


1. Larson, Elwln ”Puel Cells in the Gas Industry ”, Brooklyn Union Gas Co. , 
March, 1980. 

2. Stickles, Peter et "Assessment of Industrial Applications fo r 
0n>Site Fuel Cell Cogeneration Systems" . NASA CR-i35429. by Arthur 
D. Little, Inc. , ‘Septenber, 1978. 

3. Benjamin, Thomas G. , Camara, Elias H. , Marianonski, Leonard G. , 
Handbook of Fuel Cell Performance . Institute of Gas Technology, 
Chicago, Illinois 60616, May, 1980, prepared for DOE under 
contract EC-77-C -03-1545. 

4. Khashab, A.M. , Heating. Ventilating and Air Conditioning Systems 
Estimating Manual . McGraw Hill Company, 1977. 

5. Dao, Kim, " Conceptual Design of an Advanced Absoprtion Cycle: The 

Double-Effect Regenerative Absorption Refrigeration Cycle" . 

Laurence Berkeley Laboratory, University of Calif omla/Berkeley , 
Septenher 1978, prepared for DOE under contract W-7405-ENG-48. 

6. Arthur D. Little Study, " Distributed Energy Systems" yet to be pub- 
lished report performed under contract to DOE. 

7. Lawrence Livermore Laboratory, Energy Storate Systems for Automotive 
Propulsion . 1979, Volume 2. 

8. Pepartment of Energy, "Assessing Commercialization Strategy. A Case 
S udy - Fuel Cells ". Contract no. EM-78-501-4140, April 1978. 

9. Department of Energy, " Venture Analysis Case Study for On-Site Fuel 
Cell Energy Systems Final Report ". July 31, 1978, United Technologies 
Corp. under contract EX-77-C-01-2684. 

10. Department of Energy, " Automated Energy Management Systems for Small 
Buildings " ^ August, 1978, Honeywell, Inc. under contract no. 416374-3. 

11. Westlnj’.house R&D Center, " Cell and Stack Design Alternatives ", Final 
Report, D.Q. Hoover, NASA Contract DE-AC03-78ET11300 , February 1980. 


